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In memory of Ian Marr and David and Jenny Bowen 


“That best portion of a good man’s life; his little, nameless, unremembered acts of kindness 
and love.” William Wordsworth 


Preface 


Since the publication of the first edition of this book, significant advances continue to be made in 
equine cardiology. In that text, the focus was on the role of the clinician in the diagnosis of heart 
disease in horses. Recently epidemiological studies have provided a much fuller understanding on 
the prevalence and clinical impact of cardiac murmurs in equine athletes and in the older, general 
horse population while several new treatment options have been introduced. These are largely 
underpinned by work in the area of neuroendocrinology that not only informs our understanding 
of cardiac physiology and pathophysiology but also provides novel targets for therapeutic interven- 
tion. Electrocardioversion and electrical pacing are now feasible in equine patients and this intro- 
duces an exciting alternative to drug therapy in a variety of dysrhythmias. 

New material has been included in this edition to reflect these developments, while maintaining 
the original format in which separate sections are devoted to (1) fundamental and applied physio- 
logy, (2) diagnostic methods and (3) clinical problems in equine cardiology. The hard copy has 
been supplemented with a series of clinical cases in digital format that have been selected to illus- 
trate clinical problems with audio and video material. We hope this will greatly enhance the book’s 
value to students and experienced clinicians alike. 

Research in equine cardiology continues to be a vibrant area of endeavour for basic and clinical 
research workers across the world. In the UK, postgraduate clinical training programmes and fun- 
damental and applied research have been generously supported by both the Horse Trust and the 
Horserace Betting Levy Board and we are delighted to have this opportunity to acknowledge the 
important contribution that these organizations have made towards a better understanding of 
cardiac disease and function in equine athletes and to the improvement in the welfare of horses 
with heart disease. 

Finally, we would like to express our sincere thanks to the contributors, many of whom, once 
again, waited very patiently for this book to make its way through the editorial process and to the 
team at Elsevier who did what they could to speed this process up. 


Celia M. Marr 
I. Mark Bowen 


xix 


Chapter 


Introduction to cardiac anatomy and physiology 


Janice McIntosh Bright and Celia M Marr 


CHAPTER CONTENTS 


Anatomy of the heart and great vessels 3 
Electrical properties of the heart 9 
The cardiac cycle 10 
Normal heart sounds 11 
Ventricular function 11 
Atrial function 13 
Assessment of ventricular function and 

cardiac performance 13 


I was almost tempted to think with Fracastorius that 
the motion of the heart was only to be comprehended 
by God. 


William Harvey, 1628! 


An appreciation of the anatomy of the heart and great 
vessels is central to the understanding of cardiac function 
and disease and for optimal interpretation of diagnostic 
techniques such as auscultation, echocardiography and 
radiography. This chapter also reviews cardiovascular 
physiology focusing on impulse conduction within the 
equine heart and on the heart as a muscular pump. 
Although clinically important parameters such as stroke 
volume, cardiac output and blood pressure are empha- 
sized, these haemodynamic parameters are actually the 
ultimate functional expression of the biochemical and 
biophysical processes of myocyte excitation, contraction 
and relaxation. 
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ANATOMY OF THE HEART AND 
GREAT VESSELS 
( ET) 


The heart can be regarded as a parallel pump system: 
deoxygenated blood returning from the body enters the 
right side from where it is directed via the pulmonary arte- 
rial system to the lungs for oxygenation. Oxygenated 
blood returns to the left side of the heart via the pulmo- 
nary veins and is then pumped to the body via the sys- 
temic arterial system. Deoxygenated blood returns via the 
systemic veins to the right side. The heart is located within 
the middle mediastinal space where its long axis is orien- 
tated at approximately 10° to vertical with its base lying 
dorsal and cranial to the apex. The apex is located above 
the last sternebra cranial to the sternal portion of the 
diaphragm. The heart consists of two atria and two ventri- 
cles, blood entering via the atria and leaving via the ven- 
tricles. The right atrium (RA) occupies the cranial part of 
the heart base and consists of two main parts, the larger 
part, the sinus venarum cavarum, into which the veins 
empty, and a conical out-pouching, the auricle. The auricle 
is triangular and broad-based and curves around the base 
of the heart towards the left ending cranial to the origin 
of the main pulmonary artery (Figs. 1.1 and 1.2). The 
cranial vena cava (draining structures of the head and 
neck) enters the most dorsal part of the RA, the caudal 
vena cava (draining abdominal structures) opens into the 
caudal part and the azygous vein (draining the caudal 
thorax) enters between the two cavae. The coronary sinus 
(draining the coronary circulation) opens into the RA 
ventral to the caudal vena cava. There are also several 
smaller veins that drain directly into the RA (see Figs. 1.1 
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Figure 1.1 (A) The intact heart viewed from the right side: note the boundaries of the right atrium and ventricle and the left 
and right ventricle are delineated by the coronary and interventricular grooves, respectively. (B) The right aspect of the heart 
following removal of the right wall. Adapted with permission from Ghoshal NG. Equine heart and arteries. In: Getty R 

Sisson and Grossman's The Anatomy of the Domestic Animals, Vol 1, 5th ed. Philadelphia: WB Saunders, 1975:554-618. 
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Figure 1.1 Continued (C) A section through the centre of the heart viewed from the right side. Adapted with permission 
from Ghoshal NG. Equine heart and arteries. In: Getty R (ed) Sisson and Grossman's The Anatomy of the Domestic Animals, 
Vol 1, 5th ed. Philadelphia: WB Saunders, 1975:554-618. 


Right auricle 


Cranial 
vena cava 


Pulmonary 
artery 


Right 
atrium 


Left 


ventricle Azygous 


vein 


Left 
pulmonary 
artery 


Right 
pulmonary artery 


Caudal 
vena cava 


(a) Left 
atrium — 


Figure 1.2 (A) The heart base viewed from above. 
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Figure 1.2 Continued (B) A cross-section through the heart base illustrating the valve leaflets: Tricuspid valve 1 = septal, 

2 = right, 3 = left, Pulmonary valve 4 = right, 5 = left, 6 = intermediate, Mitral valve 7 = septal, 8 = nonseptal, Aortic Valve 

9 = right coronary, 10 = left coronary, 11 = noncoronary. (C) A cross-section through the ventricles. Adapted with permission 
from Ghoshal NG. Equine heart and arteries. In: Getty R (ed) Sisson and Grossman's The Anatomy of the Domestic Animals, 

Vol 1, 5th ed. Philadelphia: WB Saunders, 1975:554-618. 
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and 1.2). On the internal surface of the RA there are pro- 
nounced ridges formed by extensive bands of pectinate 
muscles and dorsally these form the terminal crest at the 
base of the auricle (Fig. 1.3). The oval fossa is a diverticu- 
lum at the point of entrance of the caudal vena cava that 
is a remnant of the foramen ovale, the communication 
that exists between the two atria in the fetus. 

The right atrioventricular (AV) or tricuspid valve forms 
the ventral floor of the RA and the entrance to the right 
ventricle (RV) (see Figs. 1.1 and 1.2). As its name suggests, 
the tricuspid valve is composed of three large leaflets: one 
is septal, one lies on the right margin (parietal) and the 
third lies between the AV opening and the right outflow 
tract (angular). The leaflets are anchored to the papillary 
muscles of the RV by a series of chordae tendineae. The 
RV is a crescent-shaped structure in cross-section and tri- 
angular when viewed from its inner aspect (see Fig. 1.2). 
It wraps around the cranial aspect of the heart and, in this 
respect, the convention derived from human anatomy 
ascribing the terms right and left to the heart, is rather 
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misleading. In the horse, the heart would be better defined 
as having cranial and caudal components. The internal 
surface of the RV is trabeculated and moderator bands 
cross the lumen of the RV from the septum to the opposite 
wall carrying conduction tissue (see Fig. 1.3). These mod- 
erator bands vary in size greatly among individuals. Ven- 
trally, the RV does not reach the heart's apex. It extends 
dorsally and to the left to form the right outflow tract 
leading to the main pulmonary artery (PA) via the pulmo- 
naty valve (right semilunar valve) valve (see Fig. 1.3). The 
pulmonary valve consists of three half-moon-shaped 
cusps, the right, left and intermediate, which occasionally 
have small fenestrations along their free edges and are 
attached to a fibrous ring at the base of the pulmonary 
artery. The PA arises from the left side of the RV and curves 
dorsally, caudally and medially to run under the descend- 
ing aorta where it branches into left and right. The right 
PA passes over the cranial part of the left atrium and under 
the trachea while the left PA is in contact with the bulk of 
the dorsal surface of the left atrium (LA) (see Fig. 1.2). 
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Figure 1.3 (A) The intact heart viewed from the left side. Note the boundaries of the left atrium and ventricle and the left 
and right ventricle are delineated by the coronary and interventricular groves respectively. 
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Figure 1.3 Continued (B) A section through the centre of the heart viewed from the left side. Adapted with permission from 
Ghoshal NG. Equine heart and arteries. In: Getty R (ed) Sisson and Grossman's The Anatomy of the Domestic Animals, Vol 1, 


5th ed. Philadelphia: WB Saunders, 1975:554-618. 


The LA forms the caudal part of the base of the heart 
and also has an auricle, extending laterally and cranially 
on the left side. The left auricle is more pointed than the 
right auricle and lacks a terminal crest (see Fig. 1.2). The 
LA lacks the extensive pectinate muscles that characterize 
the RA. Seven or eight pulmonary veins enter the LA 
around its caudal and right aspects. A depression may be 
appreciated on the septal surface, corresponding with the 
site of the fetal foramen ovale. The ventral floor of the LA 
consists of the left AV, mitral or bicuspid valve (see Figs. 
1.1 to 1.3). This consists of two large leaflets, the septal 
and parietal leaflets which are larger and thicker than 
those of the tricuspid valve. The left ventricle (LV) is 
conical with walls approximately three times thicker than 
those of the RV, and it forms the bulk of the caudal aspect 
of the heart including the apex. The portion of the wall 
that forms the division between the LV and RV is called 
the interventricular septum while the remainder is termed 
the free wall. Arising from the free wall are two large papil- 
lary muscles that are symmetrically located to the left and 
right sides of the free wall and anchor the chordae tend- 
ineae of the mitral valve (see Fig. 1.2). The interventricular 


septum (IVS) is mainly composed of muscular tissue, but 
at its most dorsal extent the membranous or nonmuscular 
septum is thinner and composed of more fibrous tissue. 
The left ventricular outflow tract lies in the centre of the 
heart and the aortic (left semilunar) valve consists of three 
half-moon-shaped cusps that are stronger and thicker than 
those of the pulmonary valve. The free edges often contain 
central nodules of fibrous tissue but may also have fenes- 
trations. The cusps are attached to the fibrous and carti- 
laginous tissues that comprise the aortic annulus. The 
proximal segment of the aorta is the ascending aorta; it 
sweeps dorsally and cranially between the main PA on the 
left and the RA on the right. It then continues caudally 
and to the left as the descending aorta. The base of the 
aorta is bulbous in shape, and this bulbous portion is 
the sinus of Valsalva. The sino-tubular junction marks 
the point where the vessel becomes more tubular (see Figs. 
1.1 and 1.3). To provide the blood to the myocardium, 
two coronary arteries arise from the right and left sinus of 
Valsalva. The most caudally located third part of the sinus 
lacks a coronary artery and is termed the septal (noncoro- 
nary) sinus. The same terminology is applied to the cusps 
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of the aortic valve (see Fig. 1.2). The ligamentum arteriosum 
can be found in the site corresponding to the remnant of 
the ductus arteriosus, a vessel joining the PA to the descend- 
ing aorta in the fetus (see Fig. 1.3). 

The heart lies within the pericardial cavity that is com- 
prised of the parietal pericardium and visceral pericardium 
(epicardium). The parietal pericardium attaches to the 
tunica externa of the proximal aorta, pulmonary artery, 
vena cavae and pulmonary veins. Between the parietal 
pericardium and visceral pericardium (epicardium) is a 
thin film of free serous fluid (pericardial fluid). The ven- 
tricular myocardium consists of muscle layers arranged 
both longitudinally and also spiralling circumferentially. 
The muscular tissue of the atria is separated from that of 
the ventricles by a fibrous skeleton that surrounds the 
atrioventricular orifices. The myocardium receives its 
blood supply from the coronary arteries and veins. 
There is an extensive autonomic nervous supply to the 
heart from the vagus nerve and sympathetic trunk (see 
Chapter 2). 


ELECTRICAL PROPERTIES 
OF THE HEART 


Contraction of cardiac myocytes occurs only in response 
to generation of action potentials in the cell membranes. 
Thus, normal mechanical function of the heart requires an 
orderly sequence of action potential generation and prop- 
agation through the atrial and ventricular myocardium. 
Spontaneous generation of an action potential without an 
external stimulus (automaticity) occurs normally as an 
inherent property of myocytes within the sinoatrial (SA) 
node, the atrioventricular (AV) node and the specialized 
conduction fibres of the His Purkinje system. However, 
cells of the SA node normally have the fastest rate of 
spontaneous action potential generation; consequently, 
the SA node is the site of impulse formation in the normal 
heart. The SA node is richly innervated by the parasympa- 
thetic and sympathetic nervous systems that provide 
stimuli to alter heart rate. 

From the SA node, the impulse spreads over the atria to 
the AV node producing electrical potentials that inscribe 
a P wave on the surface electrocardiogram (ECG). Since 
spread of the cardiac impulse through the atria is in an 
overall direction that is dorsal to ventral, P waves are typi- 
cally positive in a base apex ECG recording (see Chapter 
6). The impulse is then conducted slowly through the AV 
node producing a delay recognized by an isoelectric 
segment (PR segment) on the ECG. The degree of AV 
conduction delay is influenced by autonomic tone with 
vagal tone reducing and sympathetic tone increasing rate 
of conduction. Autonomic tone, therefore, becomes an 
important determinant of heart rate in horses with dys- 
rhythmias such as atrial fibrillation. 


After relatively slow conduction through the AV node, 
the cardiac impulse is rapidly conducted over the bundle 
of His and Purkinje system to the terminal Purkinje fibres 
and the working ventricular myocytes. The equine Purkinje 
system is widely distributed throughout the right and left 
ventricular myocardium, penetrating the entire thickness 
of the ventricular walls. This vast distribution of the 
Purkinje system is physiologically important because the 
conduction velocity of working ventricular myocytes is 
approximately 6 times slower than conduction velocity of 
the Purkinje cells. Consequently, the time duration and 
sequence of ventricular activation and, ultimately, the 
surface ECG is affected. Specifically, the earliest phase of 
ventricular activation in horses consists of depolarization 
of a small apical region of the septum (Fig. 1.4). This early 
depolarization is often in an overall left to right and 
ventral direction. The electrical potentials generated from 
this early phase of ventricular activation may produce the 
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Figure 1.4 This figure illustrates the equine ventricular 
activation process. Areas of excited myocardium are shown 
in dark grey and the corresponding part of the ECG is 
shown in black. Arrows point in the overall direction of the 
wave of depolarization. During the earliest phase of 
activation (left panel) the septal myocardium begins to 
depolarize generating a variable vector often orientated 
ventrally and slightly rightward. During the next phase of 
ventricular activation the apical and middle thirds of the 
septum are excited simultaneously with the bulk of both 
ventricular walls; this phase generates no appreciable net 
electrical vector. The final phase of ventricular activation 
responsible for most of the QRS complex seen on the surface 
ECG is the result of spread of the impulse dorsally during 
excitation of the basilar third of the septum. 
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initial portion of the QRS complex on the surface ECG. 
However, there is significant variation in the direction of 
this early phase of ventricular activation, and in some 
horses the vectors of local electrical activity effectively 
cancel each other thereby eliminating any deflection on 
the surface ECG. Thus, the duration of QRS complexes in 
normal horses may vary from 0.08 to 1.4 seconds. Imme- 
diately after early ventricular activation of the apical 
portion of the septum, the major masses of both ventricles 
and the middle portion of the septum are depolarized 
with a single “burst” of activation that results from the vast 
distribution and penetration of the Purkinje fibres. Since 
this depolarization occurs without a spread of the impulse 
in any specific direction it contributes negligibly to genesis 
of the QRS complex on the ECG. The final phase of equine 
ventricular activation consists of depolarization of the 
basilar third of the septum, which occurs in an apical to 
basilar direction. This final phase of activation is respon- 
sible for generating most of the QRS complex and nor- 
mally produces a negative deflection in a base apex 
recording (see Fig. 1.4).”° 


THE CARDIAC CYCLE 


The cardiac cycle describes and relates temporally the 
mechanical, electrical and acoustical events that occur in 
the heart and great vessels. The cardiac cycle is usually 
described from onset of systole to end of diastole. It is 
helpful to describe the cardiac cycle with a diagram 
showing time on the horizontal axis (Fig. 1.5). An under- 
standing of the cardiac cycle is essential for understanding 
function of the normal heart and for an appreciation of 
how various diseases disturb normal function. 

The cardiac cycle is divided into ventricular systole and 
ventricular diastole. Systole is comprised of the isovolu- 
mic contraction phase and ventricular ejection. Diastole 
consists of the isovolumic relaxation phase, the rapid 
filling phase, diastasis and atrial contraction. It is helpful 
to recall that mechanical events are stimulated by electrical 
depolarization, and, thus, the mechanical events occur 
slightly after the electrical events on the cardiac cycle 
diagram. 


Systole 


Ventricular systole begins at the onset of the QRS complex, 
and mechanical systole begins slightly later with the onset 
of contraction and closure of the AV valves. During the 
isovolumic contraction phase of systole the intraventricu- 
lar pressure rises rapidly, and when pressure in the left 
ventricle exceeds pressure in the aorta, the aortic valve 
opens and blood begins to flow into the aorta. Opening 
of the aortic valve marks the end of isovolumic contrac- 
tion and the onset of ejection. The interval between the 
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Figure 1.5 This figure shows a typical cardiac cycle diagram 
depicting important electrical, mechanical and acoustical 
events occurring on the left side of the heart using a 
common time axis. ICP = isovolumic contraction phase; 

IRP = isovolumic relaxation phase. 


onset of the QRS complex and the onset of ejection is the 
pre-ejection period. The pre-ejection period includes both 
electromechanical delay and isovolumic contraction. 
During most of the ejection phase of systole left ventricu- 
lar pressure exceeds aortic pressure. However, left ventricu- 
lar pressure begins to decline during systole, and at the 
end of ejection aortic pressure exceeds ventricular pressure 
briefly. Aortic blood flow velocity reaches a peak during 
the first third of ejection and then decreases. Flow briefly 
reverses at the end of ejection abruptly closing the aortic 
valve. The interval between opening and closure of the 
aortic valve is the left ventricular ejection time. Closure of 
the aortic valve marks the end of systole. 


Diastole 


Ventricular diastole begins at aortic valve closure. The left 
ventricular pressure, which has been declining due to 
relaxation of the myocytes, continues to decline rapidly 
during early diastole, but ventricular volume remains con- 
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stant because all of the cardiac valves are closed. This 
initial phase of diastole is, therefore, isovolumic relaxa- 
tion, and the rate of intraventricular pressure decline 
during this phase of the cardiac cycle is determined by the 
rate of active relaxation of the myofibres. When left ven- 
tricular pressure drops below left atrial pressure, the mitral 
valve leaflets open and ventricular filling begins. Opening 
of the mitral valve marks the onset of the rapid filling 
phase of diastole during which filling occurs passively due 
to a difference in pressure between the ventricle and 
atrium that results largely from myocyte relaxation. The 
velocity of left ventricular inflow and the volume of blood 
transferred from the atrium to the ventricle during this 
early filling phase are largely determined by the increasing 
pressure gradient created by the continuing decline in 
tension in the ventricular myocytes at this time. As 
left ventricular pressure decline slows and ventricular 
filling progresses the atrioventricular pressure difference 
approaches zero and ventricular volume reaches a plateau. 
This phase of diastole is known as diastasis because 
minimal changes in intraventricular pressure and volume 
are occurring at this time. The duration of diastasis varies 
inversely with heart rate, and at resting heart rates in 
horses diastasis is the longest phase of diastole. Diastasis 
becomes progressively shorter as heart rate increases, but 
the shortening of diastasis from physiological increases in 
heart rate has a negligible effect on ventricular filling. 
Atrial systole is the final phase of ventricular diastole. This 
phase begins slightly after the P wave of the ECG. Atrial 
contraction recreates an atrioventricular pressure gradient 
that produces augmented LV filling. In healthy resting 
horses atrial systole has minimal effects on ventricular 
filling and cardiac performance. However, absence of 
atrial contraction or loss of atrioventricular synchrony in 
exercising horses has a considerable adverse effect on ven- 
tricular filling and cardiac output. 

Although this discussion of the cardiac cycle has focused 
on events occurring on the left side of the circulation, 
events on the right side are nearly simultaneous and anal- 
ogous. The main difference between the two sides of the 
heart is that the right ventricular and pulmonary artery 
peak systolic pressures are lower than the comparable left- 
sided pressures. 


NORMAL HEART SOUNDS 
( EA) 


During the cardiac cycle four heart sounds are generated 
as a result of rapid acceleration or deceleration of blood. 
Two, three or all four of these sounds may be heard in 
normal horses. Recognition and understanding of the 
normal heart sounds yields information regarding timing 
of murmurs and presence or absence of atrial contraction. 
Normally the first (S1) and second (S2) heart sounds are 


loudest and are audible in all normal animals. S1 is 
audible at the onset of mechanical systole and occurs in 
association with closure of the atrioventricular valves. S2 
is heard at the end of systole with closure of the semilunar 
valves (see Fig. 1.5). In healthy horses S1 is the loudest of 
the normal heart sounds. It is also the longest in duration. 
S2 is a shorter, higher pitched sound. The third heart 
sound (S3), if audible, follows S2, and is associated with 
early ventricular filling (the rapid filling phase of diastole). 
The fourth heart sound (S4), if audible, is heard immedi- 
ately prior to S1 and is associated with atrial contraction 
(late filling). 

Typically, the normal heart sounds occur nearly simul- 
taneously on the left and right sides of the heart. However, 
there are some conditions that may cause enough asyn- 
chrony that the first or second heart sounds are split into 
two components. An audible splitting of S1 is unusual 
in horses but generally not significant unless due to pre- 
mature ventricular depolarizations or unless the split is 
mistaken for an audible S4 in horses with atrial fibrilla- 
tion. S2 is frequently split in normal horses, and inspira- 
tion usually increases the degree of splitting in normal 
animals. 


VENTRICULAR FUNCTION 


Definitions 


A discussion of ventricular performance requires at its 
onset clarification of terminology. Cardiac performance is 
a general term referring to the overall ability of the heart 
as an intact organ to pump blood for tissue needs. Cardiac 
performance is affected by a wide variety of both cardiac 
and extracardiac factors, including heart rate, contractility, 
valvular integrity, loading conditions and atrioventricular 
synchrony. The terms atrial function and ventricular func- 
tion refer more specifically to the ability of each of these 
chambers to pump. Although various parameters, such as 
stroke volume and cardiac output, are used to describe and 
quantify ventricular function, these parameters actually 
reflect overall cardiac performance. Ventricular function is 
typically considered more important than atrial function 
in determining overall performance. However, atrial func- 
tion can contribute significantly to cardiac output, particu- 
larly in exercising horses. Systolic performance and systolic 
function are terms referring to the ability of the ventricles 
to contract and eject blood, whereas diastolic performance 
and diastolic function refer to the ability of the ventricles 
to adequately relax and fill. 


Ventricular systolic function 


The major factors affecting ventricular systolic function are 
ventricular end-diastolic volume (preload), the inotropic 
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or contractile state of the myocardium, impedance to ven- 
tricular outflow (afterload) and heart rate. Synchrony of 
interventricular and intraventricular contraction does not 
play a significant role in physiological alterations of ven- 
tricular function. However, synchrony may be abnormal 
in several cardiac diseases, and development of ventricular 
asynchrony has been shown to adversely affect systolic 
function, ventricular remodelling and mortality.“ 

Within a physiological range of end-diastolic volumes, 
as the ventricular volume (preload) increases, ensuing 
contractions become more forceful thereby increasing 
ejection pressure, stroke volume or both. In the words 
of Charles S. Roy, a 19th century physiologist, “the larger 
the quantity of blood which reaches the ventricles ... the 
larger the quantity will be which it throws out.” This 
direct relationship between ventricular filling and cardiac 
performance enables the normal right and left ventricles 
to maintain equal minute outputs while their stroke 
outputs may vary considerably during normal respiration. 
In addition, cardiac output is augmented by an increase 
in preload in many conditions, including those associated 
with an increase in venous return and a decrease in periph- 
eral vascular resistance, such as exercise, anaemia, fever 
and pregnancy. Thus, end-diastolic volume is an impor- 
tant determinant of ventricular systolic function and 
overall cardiac performance. 

While there is strong evidence that the normal ventricle 
benefits from alterations in end-diastolic volume during 
normal resting circumstances or during exercise, the 
dilated failing ventricle has little, if any, preload reserve. 
Consequently, increases in filling do not produce increases 
in stroke volume in the failing heart. In pathologically 
dilated ventricles the direct correlation between end- 
diastolic volume and ventricular systolic function ceases 
to exist and both diastolic ventricular pressures and wall 
tension rise. 

Afterload is the net force opposing myofibre shortening, 
and, although rather easily quantified in isolated cardiac 
muscle strips, measurement of afterload is significantly 
more challenging in the intact circulation. One approach 
for measurement of afterload in the clinical setting is to 
focus on vascular load by determining vascular resistance 
or arterial input impedance.° Impedance is a physiological 
parameter that incorporates pulsatile load as well as resist- 
ance. Under identical conditions of preload and inotropic 
state, increases in impedance reduce the degree of shorten- 
ing of the myofibres and, hence, reduce stroke volume. An 
inverse relationship, therefore, exists between afterload 
and ventricular systolic function. 

Inotropic state of the myocardium (myocardial contrac- 
tility) also significantly affects ventricular function. It is 
important to note the distinction between the term myo- 
cardial function, which describes the inherent contractile 
state of the myocytes, and the term ventricular function, 
which describes overall pumping performance and is 
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influenced by mechanical loading. Myocardial contractil- 
ity may be altered by a variety of factors extrinsic to the 
myocardium, including autonomic output, circulating 
substances (hormones, pharmacological agents, endog- 
enous and exogenous toxins, etc.), locally produced 
metabolites and pathological processes (ischaemia, acido- 
sis, infarction, etc.). Myocardial contractility is difficult 
to quantify in the intact animal, and measurements 
of systolic ventricular function and contractility are 
often considered together. Fortunately, in most clinical 
situations quantification of myocardial contractility alone 
is unnecessary. 


Ventricular diastolic function 


Ventricular filling is a complex process affected primarily 
by venous return, atrioventricular valve function, atrial 
function, pericardial compliance, heart rate and myocar- 
dial relaxation and compliance. Although the importance 
of normal myocardial systolic function is easily and intui- 
tively appreciated, the importance of normal diastolic 
function is often overlooked. Yet ventricular filling is 
extremely important physiologically because of the direct 
relationship between end-diastolic volume and systolic 
function. Inadequate end-diastolic volume will result in 
inadequate stroke volume and reduced coronary per- 
fusion. Moreover, impaired left ventricular diastolic func- 
tion, defined as inability of the ventricle to adequately fill 
without a compensatory increase in left atrial pressure, 
often results in pulmonary oedema and/or secondary right 
ventricular failure. 

Two major factors affect ventricular diastolic perform- 
ance: chamber compliance and myocardial relaxation. 
Reduced left ventricular (LV) chamber compliance 
(increased stiffness) produces an increase in the slope of 
the end-diastolic pressure-volume relationship. Thus, if 
ventricular compliance is reduced, a greater filling pressure 
is required to achieve a given end-diastolic volume. Most 
conditions that reduce ventricular compliance occur 
chronically and include reduction in LV lumen size, 
pathological hypertrophy, fibrosis, infiltrative diseases, 
pericardial tamponade or constriction, and disease or 
dilatation of the opposite ventricle.’ 

Diastolic function is also affected by the rate and the 
extent of myocardial relaxation. Myocardial relaxation is 
the energy-dependent process by which myocytes return 
to their original end-diastolic length and tension. With 
impaired relaxation the rate and extent of tension decline 
are diminished, resulting in a reduced rate of LV pressure 
decline and, hence, decreased early ventricular filling. In 
the intact heart relaxation is affected by loading condi- 
tions, synchrony of contraction and relaxation, and by the 
intracellular processes controlling calcium ion reuptake 
and cross-bridge inactivation. Myocardial relaxation may 
change acutely in response to hypoxia, ischaemia, altered 
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afterload, tachycardia, catecholamines and various phar- 
macological agents. Furthermore, myocardial relaxation 
may vary independently and in the opposite direction 
from changes in the inotropic state. For example, calcium 
channel blocking agents enhance relaxation but reduce 
contractility. In contrast, catecholamines have both posi- 
tive lusitropic and positive inotropic effects. 

Disease processes that produce diastolic dysfunction 
include pressure overload states with myocardial hypertro- 
phy or fibrosis (aortic and pulmonic stenosis, systemic or 
pulmonary hypertension), ischaemic heart disease, con- 
strictive pericarditis and primary or secondary hyper- 
trophic cardiomyopathy. Most of these disorders are 
uncommon in horses. Nonetheless, recent data suggest 
that altered diastolic function may occur in horses follow- 
ing prolonged high-intensity exercise, particularly when 
superimposed with thermal stress.? Furthermore, some 
data suggest that dynamic exercise training may enhance 
LV diastolic function in human and equine athletes” 
(J. M. Bright & C. M. Marr, unpublished data). 


ATRIAL FUNCTION 


Because ventricular end-diastolic volume affects the con- 
tractile force of the ventricles and maximal stroke volume, 
atrial systolic function may significantly influence cardiac 
performance. Normally, atrial systole increases ventricular 
filling immediately prior to ventricular systole, thereby 
augmenting end-diastolic volume without the deleterious 
energetic sequelae of maintaining high filling pressures 
throughout diastole. In normal resting horses the overall 
effect of atrial systole on circulatory function is negligible, 
but normal atrial systolic function is essential for maximal 
performance in exercising horses.'""” 

Two adverse haemodynamic consequences will arise 
from loss of the atrial “kick”; there will be an increase in 
mean atrial pressure as well as a decrease in ventricular 
end-diastolic volume and pressure. Various dysrhythmias, 
including atrial fibrillation, ventricular tachycardia or 
high-degree AV conduction block, can produce loss of 
effective atrial systole resulting in poor exercise tolerance, 
weakness or syncope. Both atrial fibrillation and paroxys- 
mal ventricular tachycardia have been noted to cause 
impaired exercise performance in otherwise normal 
horses. 

Atrial function is not static; both systolic and diastolic 
function of the atria may be altered by many of the same 
factors that affect ventricular function, including atrial 
preload, impedance to atrial emptying, the inotropic state 
of the atrial myocytes and atrial compliance. ^1" Further- 
more, enhanced atrial function has been described as an 
important compensatory mechanism in patients with 
chronic heart failure." 


ASSESSMENT OF VENTRICULAR 
FUNCTION AND CARDIAC 
PERFORMANCE 


Evaluation of myocardial systolic and diastolic function in 
an intact research animal or patient is problematic because 
the various determinants of ventricular function cannot be 
easily controlled or held constant. Quantifying cardiac 
performance of client-owned horses is also hampered by 
the frequently limited ability to use invasive or costly pro- 
cedures. This discussion will briefly address those indexes 
most often used for assessment of ventricular function in 
clinical and clinical research settings. 

In hospital or clinical research settings the method(s) 
used to identify ventricular dysfunction or to quantify 
cardiac performance should be selected with careful con- 
sideration of the question(s) being addressed as well as 
the overall usefulness, safety, limitations and cost of each 
procedure. If, for example, the quantitative information 
needed to answer a clinical or research question can be 
obtained by an extremely safe procedure such as Doppler 
echocardiography or exercise treadmill testing, there is 
little justification for cardiac catheterization or nuclear 
angiocardiography. 


Pressure and flow data 


Catheterization of the pulmonary artery by the Swan-Ganz 
technique? may be done relatively easily in standing 
horses using percutaneous catheter introduction into a 
jugular vein. The catheter can be used to measure pressures 
in the right atrium, right ventricle and pulmonary artery, 
and to obtain cardiac output measurements by the ther- 
modilution, dye dilution or Fick methods. It is usually not 
possible to obtain measurements of pulmonary capillary 
wedge pressures in adult horses using standard-length 
commercially available catheters. However, when the pul- 
monary vascular bed, mitral valve and left ventricle func- 
tion normally, the pulmonary artery diastolic pressure 
approximates the pulmonary capillary wedge pressure, 
and, therefore, the mean left atrial pressure.” A more accu- 
rate measurement of LV filling pressure is obtained by 
retrograde placement of a catheter into the left ventricle 
via the carotid artery for measurement of end-diastolic 
pressure. Normally the right atrial mean pressure approxi- 
mates the right ventricular filling pressure. Pressure data 
from normal, resting horses is shown in Table 1.1. 
Cardiac output, though one of the simplest and most 
traditional measurements of cardiac performance, pro- 
vides little specific information regarding myocardial con- 
tractility because cardiac output, in addition to being 
affected by systolic and diastolic myocardial function, 
is also affected by loading conditions, atrioventricular 
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Table 1.1 Haemodynamic data obtained from healthy adult resting horses* 


VARIABLE 


Heart rate (beats/min) 


VALUES REFERENCE 


Mean right atrial pressure (mmHg) 


RV end-diastolic pressure (mmHg) 


RV peak systolic pressure (mmHg) 


RV dP/dtmax (MMHg/s) 
Pulmonary artery systolic pressure (mmHg) 


Pulmonary artery diastolic pressure (mmHg) 


2442,224+8 


Mean pulmonary artery pressure (mmHg) 


3142,3048 


Pulmonary capillary wedge pressure (mmHg) 


16+4 


Carotid artery systolic pressure (mmHg) 


144417 


Carotid artery diastolic pressure (mmHg) 


98+ 14 


Carotid artery mean pressure (mmHg) 


124 + 13 


Thermodilution cardiac output (L/min) 


19.9 + 7.4 


Dye-dilution cardiac output (L/min) 


4011 


*Values from references 43 and 44 are mean + SEM; those from references 26 and 32 are mean + SD. 


RV = right ventricular; dP/dt... = maximum rate of pressure increase during isovolumic contraction. 


synchrony, valvular integrity and heart rate. Nonetheless, 
cardiac output is an important circulatory parameter that 
is relatively easy to obtain either serially at rest, during or 
after surgery or drug administration, or in combination 
with an exercise procedure. 

Three methods commonly used to determine cardiac 
output are the Fick method, the thermodilution method 
and the lithium dilution method. The Fick method 
requires analysis of respiratory gases as well as analysis of 
arterial and mixed venous (pulmonary arterial) oxygen 
content.” Furthermore, the Fick method of cardiac output 
determination requires steady-state circulatory conditions. 
The thermodilution method of cardiac output measure- 
ment also requires placement of a pulmonary artery 
catheter but does not require analysis of respiratory gases 
or an arterial blood sample. Moreover, thermodilution 
cardiac output determinations do not require steady-state 
conditions. The thermodilution method has been shown 
to slightly overestimate (4.58%) true cardiac output.” Tra- 
ditionally the lithium dilution method requires a central 
catheter, for the injection of lithium, and an arterial cath- 
eter for its sampling. It has been demonstrated that injec- 
tion of lithium into a peripheral vein, such as the jugular 
vein, is a reliable alternative to both the Fick method and 
thermodilution method in both exercising and anaesthe- 
tized horses and may be a more appropriate method for 
assessment of cardiac output in client-owned horses.**** A 


14 


further method of cardiac output determination based on 
arterial pulse contour has been described in anaesthetized 
horses and provides good agreement with the lithium 
dilution method but has not been evaluated in conscious 
horses.” 

Radionuclide ventriculographic assessment of cardiac 
output in horses may be made using either gated or first- 
pass nuclear angiocardiographic techniques. However, 
gated studies are rarely done because anaesthesia is 
required to adequately immobilize the patient for the 
gated image acquisitions. First-pass studies may be done 
without anaesthesia and provide both left and right 
ventricular activity curves from which several indexes of 
systolic and diastolic ventricular function are derived. 
Radionuclide ventriculography, although noninvasive, 
requires costly equipment and considerable expertise. It 
also involves the use of ionizing radiation. Furthermore, 
first-pass radionuclide ventriculography in horses is gener- 
ally limited to no more than two studies in a 24-hour 
period.” Figure 1.6 illustrates sequential images obtained 
from the first-pass nuclear angiocardiographic study of a 
normal, adult horse. The LV and right ventricular (RV) 
activity-time curves generated from the study are also 
shown. 

Cardiac output can also be determined noninvasively 
by several echocardiographic techniques’’”** (see Chapter 
9) Doppler echocardiographic determination of cardiac 
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Figure 1.6 This figure demonstrates first pass nuclear ventriculography obtained from a normal horse. The top portion of the 
figure shows sequential images at 2 second intervals as the radioactive bolus passes through the right atrium, right ventricle, 
lungs, left atrium and left ventricle. A region of interest (ROI) is drawn over the area of the fight ventricle (RV) and the left 
ventricle (LV) so that computer-generated activity-time curves may be derived. 


output requires multiplication of the Doppler-derived 
aortic or pulmonary artery flow velocity time integral by 
the cross-sectional area of the vessel, and there are several 
potential sources of error inherent in this technique. These 
sources of potential error include inaccurate measurement 
of vessel diameter from the M-mode or two-dimensional 


echocardiographic images and failure to obtain parallel 
alignment of the Doppler beam with blood flow. However, 
one comparison of the pulsed Doppler and thermodilu- 
tion measurements of cardiac output in horses has 
shown no significant differences between these two 
techniques.” 
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Contractility indexes 


Measurement of the inherent inotropic state of the myo- 
cardium is often desirable, particularly in research settings. 
However, in clinical situations it is usually not necessary 
to obtain measurements of contractility that are load inde- 
pendent: if preload reserve has been fully utilized, reduced 
myocardial contractility will produce an “afterload mis- 
match” in the resting state such that ejection parameters 
will be depressed. 

Therefore, in resting horses, the most feasible and 
practical method of evaluating LV systolic function is 
by determination of ejection phase indexes based on 
echocardiographic measurement of LV chamber size. Such 
indexes include the percent decrease of the LV minor axis 
(fractional shortening), the percent decrease in the LV 
end-diastolic volume (ejection fraction) and the mean 
velocity of circumferential fibre shortening (mean VCF). 
Fractional shortening is most commonly used. Table 1.2 
contains a summary of normal echocardiographic indexes 
of systolic function obtained from resting horses. It is 
important to recognize that all ejection phase indexes will 
be reduced by an increase in afterload as well as by a 
decrease in inotropic state. Thus, in situations of acute 
aortic or mitral regurgitation, the ejection phase indexes 
of systolic function are unreliable due to afterload 


mismatch. In contrast, the systolic unloading of the left 
ventricle that occurs with chronic mitral regurgitation 
may produce a normal or near normal shortening 
fraction, even when myocardial contractility is depressed. 
( ) ET, VMD) 

Pulsed Doppler measurements of the velocity of blood 
flow in the aortic root or pulmonary artery may also be 
used to obtain several indexes of LV systolic function (see 
Table 1.2). These Doppler-derived indexes include peak 
and mean velocity, acceleration and ejection time.*° With 
reduced inotropic state, velocities are reduced, ejection 
time is shortened and the rate of acceleration of the blood 
cells decreases. However, these same changes also occur 
with increased afterload. Furthermore, velocities can be 
accurately recorded only when the Doppler beam is ori- 
ented nearly parallel (+20 degrees) to the direction of 
blood flow. In horses the available acoustic windows are 
more limited than in people and dogs, and optimal align- 
ment is less easily achieved.” ( ` ET) 

Tissue velocity imaging (TVI) is a Doppler echocardio- 
graphic modality that measures the velocity of selected 
areas of the myocardium, and TDI provides a sensitive and 
noninvasive method of assessing systolic function in 
people and dogs.” Preliminary data obtained from 
horses suggest that spectral TVI can also be used to quan- 
tify systolic function in horses and may possibly be useful 


Table 1.2 Doppler echocardiographic indexes of ventricular systolic function in healthy adult horses 


VARIABLE 
LV fractional shortening (%) 


VALUES REFERENCE 


32-45 (min-max) 27 
37.0 + 3.9 (mean + SD 45 


Velocity of circumferential fibre shortening (mm/s) 


) 
46.0 + 1.6 (mean + SD) 46 
) 


1.16 + 0.7 (mean + SD 46 


LV ejection time (s) (M-mode) 


0.49 + 0.02 (mean + SD) 46 


Peak velocity RV outflow (m/s) 


0.78-1.04 (min-max 47 


Peak velocity LV outflow (m/s) 


1.29-4.17 (min-max 47 


Acceleration of RV outflow (m/s?) 


Acceleration of LV outflow (m/s?) 


RV pre-ejection period (s) 


5.19-10.8 (min-max 47 
0.02-0.10 (min-max 47 


( ) 
( ) 
2.99-6.71 (min-max) 47 
( ) 
( ) 


LV pre-ejection period (s) 0.04-0.11 (min-max) 47 
( 47 


RV ejection time (s) 


0.45-0.58 (min-max 


LV ejection time (s) (pulsed Doppler) 


) 
0.41-0.55 (min-max) 47 


Maximal systolic myocardial velocity caudal LVW 
(pulsed TDI) (m/s) 


0.099 + 0.028 (mean + SD) 31 


LV = left ventricular; RV = right ventricular; LVW = left ventricular wall; TDI = tissue Doppler imaging. 
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as an alternative or adjunct to postexercise echocardio- 
graphic testing.“ ( ` ET) 

As in other species, quantitative assessment of right ven- 
tricular (RV) function is problematic in horses because of 
the complex shape and asynchronous contraction pattern 
of this ventricle. High-fidelity recording of the RV pressure 
with a micromanometer can be used to obtain the maximal 
rate of pressure rise (dP/dtmax) as an index of RV contractil- 
ity.” Alternatively, radionuclide ventriculography pro- 
vides a noninvasive means of computing the RV ejection 
fraction. 


Indexes of diastolic function 


Diastolic myocardial function, like systolic myocardial 
function, may be expected to deteriorate in diseased hearts 
and perhaps, to, improve with exercise training. Classi- 
cally, clinical evaluation of diastolic function has relied on 
invasive measurement of ventricular pressure or nuclear 
angiographic demonstration of volume changes with 
time.*°*’ M-mode echocardiography has been used to 
measure various diastolic time intervals such as the relaxa- 
tion time index.” More recently, pulsed Doppler evalua- 
tion of RV and LV filling patterns and diastolic time 


intervals has become a clinically useful means of non- 
invasively assessing diastolic function.*“* The most 
frequently used Doppler echocardiographic indexes of 
diastolic function include peak and mean velocities of 
early (passive) ventricular filling (peak and mean E-wave 
velocities), peak and mean velocities of late (atrial systo- 
lic) ventricular filling (peak and mean A-wave velocities), 
the deceleration time of early inflow, the rate of decelera- 
tion of early inflow, and the ratio of the peak early to peak 
late inflow velocities (E/A). Isovolumic relaxation time 
(IVRT) is obtained from a pulsed Doppler recording 
showing simultaneously LV inflow and outflow. 

Two distinct Doppler patterns of abnormal LV filling 
have been noted in people“ and in cats.” One pattern of 
abnormal transmitral flow is attributed to impaired LV 
relaxation and is characterized by prolongation of the iso- 
volumic relaxation time and deceleration time, with a 
reduction of early (E) and increase in late (A) filling veloci- 
ties. The second pattern is believed to reflect markedly 
increased LV or pericardial stiffness and is characterized 
by a shortened or normal IVRT, a decrease in the time 
(increase in rate) of deceleration and increased early (E) 
with reduced late (A) velocities. Table 1.3 contains a 
summary of available data pertaining to Doppler indexes 
of diastolic function in normal horses. 


Table 1.3 Doppler echocardiographic indexes of ventricular diastolic function in healthy adult horses 


VARIABLE VALUES REFERENCE 


Peak velocity early (E wave) 
RV filling (m/s) 
LV filling (m/s) 


0.77-1.05 (min-max) 
0.41-1.12 (min-max) 


Peak velocity late (A wave) 
RV filling (m/s) 
LV filling (m/s) 


0.48-1.07 
0.24-0.63 


min—max) 
min—max) 


E/A ratio transtricuspid flow 0.87-1.97 (min-max) 


( 
( 
( 
( 


E/A ratio transmitral flow 0.95-3.56 (min-max) 


E wave deceleration time 
Transtricuspid flow (s) 
Transmitral flow (s) 


0.16-0.34 (min-max) 
0.14-0.27 (min-max) 


Transmitral E wave deceleration (m/s?) —1.72 + 0.78 (mean + SD) 


LV isovolumic relaxation time (ms) 140 + 24 (mean + SD) 


Maximal myocardial velocity caudal LVW 
(pulsed TDI) (m/s) 
Early diastole (E’ wave) 
Late diastole (A’ wave) 


—0.160 + 0.090 (mean + SD) 
0.051 + 0.043 (mean + SD) 


RV = right ventricular; LV = left ventricular; LVW = left ventricular wall; TDI = tissue Doppler imaging. 
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INTRODUCTION 


The function of the cardiovascular system is to ensure that 
the tissues of the body are supplied with adequate blood 
flow in order to satisfy their requirements for oxygen and 
energy substrates and to ensure that metabolic waste prod- 
ucts do not accumulate. Arterial blood pressure is the 
driving force for blood flow around the circulatory system 
and is closely regulated at a stable level despite large 
changes in the demand of the body organs for blood flow, 
depending on the metabolic state of the tissues (e.g. 
resting versus exercising muscle). 

Certain intrinsic properties of the cardiovascular system 
ensure that demand for blood flow is met by its supply. 
For example, the heart functions as a demand pump - the 
more blood which returns to it (venous return) and 
stretches the heart in diastole, the larger the stroke volume 
which is ejected per beat (Starling's law of the heart). 
Tissue blood flow can also be regulated by local metabo- 
lites, which relax precapillary sphincters and reduce resist- 
ance to blood flow in actively metabolizing tissues. It is 
important to recognize that the cardiovascular system is 
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integrated closely with the respiratory and renal systems; 
the former ensures efficient oxygenation of the blood and 
excretion of carbon dioxide, the latter is involved in the 
long-term regulation of body fluid volume and hence vas- 
cular filling pressure in general and arterial blood pressure 
in particular. 

Neurohormonal and paracrine mechanisms heighten 
the response of the cardiovascular system to changes in 
tissue demand for blood flow, ensure the system functions 
in the most efficient way possible from minute to minute 
and from hour to hour and allow the body to compensate 
in extreme conditions. In addition, the metabolic path- 
ways involved in the generation and breakdown of these 
chemical mediators and the receptors that they utilize to 
produce their responses are all targets that can be exploited 
pharmacologically to treat cardiovascular diseases. 

Much knowledge of cardiovascular physiology and 
pharmacology comes from the study of experimental 
animals and man. The importance of some of the more 
recently discovered mechanisms (which are the main 
focus of this chapter) in the horse, remains to be estab- 
lished. Where studies have been undertaken in the horse, 
these will be reviewed. 


NEURONAL REGULATION OF 
THE CARDIOVASCULAR SYSTEM 


Neuronal innervation of the cardiovascular system means 
that blood pressure can be tightly regulated on a beat-to- 
beat basis by the parasympathetic nervous system, which 
brings about changes in heart rate (chronotropic effects), 
and by the sympathetic nervous system, which brings 
about changes in both heart rate and contractility (ino- 
tropic effects) through innervation of the heart and 
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changes in blood pressure through innervation of the vas- 
culature. These contro] mechanisms are integrated by the 
brain stem. 


Central nervous control 


A full discussion of the central nervous system (CNS) 
control of the cardiovascular system is beyond the scope 
of this chapter,’ and the following is a simplified account. 
Baroreceptors (stretch receptors) which detect high pres- 
sure within the vascular system are present in the walls 
of conductance vessels (aortic arch and carotid sinus) and 
those which determine low pressure (central volume 
receptors) are in atrial tissue (primarily at its junction with 
the great veins), pulmonary arteries and ventricles. Affer- 
ent inputs to the CNS are transmitted via the glossopha- 
ryngeal and vagal nerves which terminate in the nucleus 
tractus solitarius (NTS). The NTS also receives much 
information from other areas of the CNS (hypothalamus, 
cerebellum and cortex) involved to some extent in 
cardiorespiratory control. Integration of this information 
occurs in the NTS before it is relayed to the efferent cardio- 
vascular control areas in the medulla of the brain stem 
(such as the nucleus ambiguus, rostral ventrolateral 
medulla) which initiate adjustments in vascular tone, 
heart rate and force of cardiac muscle contraction, 
mediated via the sympathetic and parasympathetic 
nervous systems, in order to normalize arterial blood and 
vascular filling pressures and make them appropriate for 
the physiological state of the animal. 


Drugs which influence CNS control 
of the cardiovascular system 


A number of drugs which are used clinically will affect 
the activity of centres within the brain controlling the 
cardiovascular system. Alpha,-adrenoceptor agonists, for 
example, increase vagal tone to the heart and reduce sym- 
pathetic tone to the blood vessels, in part by their effects 
within the regulatory areas of the brain.’ These actions give 
rise to the undesirable side effects of bradycardia and 
hypotension (following transient hypertension) when 
these drugs are used as analgesic sedatives. 

Cardiac glycosides (e.g. digoxin) also have effects on the 
afferent nerves and the higher centres controlling the 
cardiovascular system, in addition to their direct effects 
on the heart and vasculature. Their effects can be very 
complex, depending on the physiological state of the 
animal treated, but generally include an increase in para- 
sympathetic tone to the heart and increased baroreceptor 
stimulation, which produces reflex reduction in sympa- 
thetic vasoconstrictor nerve activity.’ Individual variability 
in the response to cardiac glycosides could well reflect the 
degree of activation of the putative natural hormone 
“endogenous digitalis-like substance” which binds to the 
same receptors.* 
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Control of vascular tone 


Vasomotor nerves 


The categories of vasomotor nerves currently recognized 
are presented in Table 2.1. Efferent nervous control of the 
vascular system is primarily by the sympathetic vasocon- 
strictor nerves which tonically increase vascular smooth 
muscle tone throughout the circulatory system. The post- 
ganglionic noradrenergic neurones are distributed to all 
tissues innervating both arterioles and venules and increas- 
ing vascular tone by the action of noradrenaline on - 
adrenoceptors. The density of sympathetic innervation 
and of o,-adrenoceptors varies with different vascular 
beds. There is also clear evidence that sympathetic nerves 
supplying different vascular beds can be preferentially or 
even exclusively controlled by neurones in the medulla, 
according to the integrated afferent input.’ Other vasomo- 
tor nerves are not tonically active or distributed in such a 
widespread fashion, but are stimulated under appropriate 
circumstances (see Table 2.1).° 


Co-transmission in perivascular nerves 


Sympathetic vasoconstrictor nerves also release adenosine 
5’ triphosphate (ATP), which is packaged in both large and 
small dense core vesicles with noradrenaline, and neu- 
ropeptide Y (NPY). NPY is preferentially localized in large 
vesicles.’ 

In some blood vessels, part or all of the vasoconstrictor 
response to perivascular nerve stimulation can be shown 
to be due to ATP, which acts on vascular smooth muscle 
receptors, distinct from o,-adrenoceptors, namely P2x- 
purinoceptors. A prazosin-resistant component of the 
response of equine digital artery to perivascular nerve 
stimulation has been reported,® which shows characteris- 
tics of a purinergic response. The physiological importance 
of the purinergic component of sympathetic vasoconstric- 
tor nerves is difficult to establish in vivo. Species differ- 
ences and differences between vascular beds within a given 
species complicate the situation, making generalizations 
difficult to apply. There may be a greater purinergic com- 
ponent in small as opposed to large vessels.” 

Neuropeptide Y (NPY) is a 36 amino acid peptide 
which, in addition to its presence in sympathetic vasocon- 
strictor nerves, is also found in areas of the brain involved 
in cardiovascular control and may play an important role 
in modulating the sympathetic nervous control of blood 
pressure.“ NPY is preferentially released by high-frequency 
stimulation of perivascular nerves and has both direct 
vasoconstrictor effects (mediated via smooth muscle Y1 
receptors) and potentiates the action of noradrenaline and 
ATP. These vasoconstrictor actions of NPY are most 
evident in vessels with wide neuromuscular junctions (i.e. 
larger vessels). 

The concept of cotransmission in sympathetic vasocon- 
strictor nerves and other vasomotor nerves (see Table 2.1) 
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Table 2.1 Categories and properties of vasomotor nerves 


CATEGORY OF NERVE 


Vasoconstrictor sympathetic 


DISTRIBUTION 


Widespread throughout 
the vascular system 
(arterioles and venules) 
although density varies 
with the vascular bed 


LEVEL OF ACTIVITY 


Tonically active, a major 
determinant of 
peripheral resistance, 
controlled by the brain 
stem 


NEUROTRANSMITTER 


Noradrenaline 
Cotransmitters ATP and 
NPY are also important 


Vasodilator sympathetic 


Supply vascular beds of 
skeletal muscles in some 
species (carnivores) and 


sweat glands 


Not tonically active, 
cause vasodilatation in 
readiness for exercise, 
influenced by the 
cerebral cortex 


Acetylcholine (cholinergic 
fibres) 

Cotransmitter vasoactive 
intestinal polypeptide 
(VIP) is also important 


Glandular tissues 
Colonic and gastric mucosa 
Genital erectile tissue 


Vasodilator parasympathetic 


Not tonically active — fire 
when organ function 


Acetylcholine 
Cotransmitter VIP may play 


demands an increase 
in blood flow 


the more prominent role 


“Sensory-motor” nerves 
(vasodilatory) 


Nociceptive C fibres, 
responsible for part of 
the vasodilatory response 
in inflamed tissues 
(particularly skin) 


provides the potential for greater complexity and fine 
tuning of control via multiple interactions between neu- 
rotransmitters. Actions at the presynaptic nerve membrane 
should also be mentioned here, as neuromodulatory 
actions occur often via receptors which differ from those 
on the postsynaptic membrane.” The complexity of this 
system is illustrated in Table 2.2, which lists some of the 
receptors found on the presynaptic membrane of sympa- 
thetic vasoconstrictor nerves. 


Drugs which influence vasomotor 
nerve function 


Most drugs have been developed to target the sympathetic 
vasoconstrictor nerves, as the therapeutic aim has been to 
reduce vascular resistance and increase venous capaci- 
tance, either in the management of hypertension or 
congestive heart failure. Antagonists with selectivity for 
a,-adrenoceptors have proved to be the class which 
produce the least side effects. Nonselective o-adrenoceptor 
antagonists were less effective and caused more reflex 
tachycardia because blockade of presynaptic ©- 
adrenoceptors increased the release of noradrenaline at 
all sympathetic postganglionic nerve synapses. Alpha,- 
adrenoceptor antagonists are effective at reducing vasomo- 
tor tone initially. Indeed, a first-dose severe hypotensive 
effect can be a problem. With repeated dosing, however, 
the effect is reduced. This may well be due to physiological 
tolerance, via activation of other endogenous vasocon- 


Axon reflex occurs as a 
result of stimulation of 
sensory nerve 
(antidromic activation) 


Sensory neurotransmitters 
Substance P and calcitonin 
gene-related peptide 


strictor systems, which might include increased impor- 
tance of the cotransmitters (ATP and NPY) utilized by 
these nerves." Drugs which inhibit the effects of ATP and 
NPY at their respective vascular receptors are under devel- 
opment but are not yet sufficiently well understood or 
developed for clinical use to be contemplated.'*"'° 


Nervous control of cardiac function 


Heart rate and inotropic state of the cardiac muscle are 
also influenced by the autonomic nervous system. Vagal 
tone predominates at rest in the horse to give a slow 
resting heart rate. Acetylcholine is the neurotransmitter 
involved and acts at M2-muscarinic receptors on cells of 
the sinoatrial and atrioventricular nodes. M2-receptors are 
not found on target cells of other organs, but do occur on 
the nerve terminals of parasympathetic postganglionic 
nerves where they inhibit acetylcholine release and at 
some autonomic ganglia, on the cell body of the postgan- 
glionic neurone, where their activation hyperpolarizes and 
reduces transmission. Direct innervation of ventricular 
muscle by the parasympathetic nervous system is sparse 
in most species. 

By contrast, the distribution of cardiac sympathetic 
nerves is much more widespread, allowing this system to 
influence not only heart rate but also the inotropic state 
of cardiac muscle. Resting cardiac sympathetic tone in 
equine hearts is thought to be extremely low. The original 
concept that noradrenaline acts exclusively on B,- 
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Table 2.2 Presynaptic receptors which modulate sympathetic vasoconstrictor nerves 


RECEPTOR 


&z2-Adrenoceptors Noradrenaline, adrenaline 


ENDOGENOUS LIGAND 


NEUROMODULATORY EFFECT 


Inhibits transmitter release 


P,-Purinoceptors 


Adenosine (formed from ATP) 


Inhibits transmitter release 


Y,-Receptors NPY 


Inhibits transmitter release 
(small vessels particularly) 


DA,-receptors Dopamine 


Inhibits transmitter release 


B.-Adrenoceptors 


Adrenaline (circulating hormone) 


Facilitates transmitter release 


AT,-receptors 


Angiotensin II (circulating hormone) 


Facilitates transmitter release 


5-HT3-receptors 
perivascular nerves 


adrenoceptors to mediate the effects of sympathetic stimu- 
lation, namely increased heart rate and force of contraction, 
is too simplistic. Although B,-adrenoceptors predominate 
in all species including the horse,” B,-adrenoceptors are 
found in the myocardium, particularly in atria and nodal 
tissue in man, rabbit and cat'® and horse,” and probably 
explains why drugs with mixed B,- and £,-adrenoceptor 
agonist actions (e.g. isoprenaline) increase heart rate more 
effectively than those selective for B,-adrenoceptors (e.g. 
dobutamine). In some species, there is good evidence that 
with chronic high levels of stimulation, the proportion of 
B.-adrenoceptors in relation to B,-adrenoceptors increases, 
while the overall number of B-adrenoceptors and their 
efficiency of coupling to cyclic AMP production decreases.” 
This phenomenon is less clear in the horse, and in 10 
horses with congestive heart failure the density of 
B-adrenoceptors was unchanged and the density of B,- 
adrenoceptors was increased only in five horses." 
Beta-adrenoceptors have been implicated in cardiac 
remodelling leading to left ventricular enlargement and 
the B-adrenoceptor antagonists have been shown to 
reverse these effects in both pressure and volume 
loading.”~*° As such, this class of agent may have potential 
therapeutic value in the horse with cardiac hypertrophy. 
In addition, o,-adrenoceptors can be demonstrated in 
cardiac muscle. Stimulation of these receptors is thought 
to contribute, in a small way, to the positive inotropic 
effect of sympathetic nerve stimulation (with no effect on 
heart rate), but this contribution may increase in impor- 
tance in disease states, when downregulation of the B,- 
adrenoceptors occurs, and may also increase the tendency 
for dysrhythmias to develop in hearts driven by high sym- 
pathetic tone.'* Alpha,-adrenoceptors have also been 
implicated in the development of myocardial fibrosis 
during cardiac remodelling and offer potential targets for 
therapeutic intervention” although there is no clinical 
evidence to support their use in this way in any species. 
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5-HT released from platelets or from 


Facilitates transmitter release 


HORMONAL CONTROL OF THE 
CARDIOVASCULAR SYSTEM 


The key hormones currently thought to be involved in 
regulation of the cardiovascular system are summarized in 
Table 2.3. It is not possible to review these systems in any 
detail here, and areas with potential therapeutic impor- 
tance will be focused on. 


The renin-angiotensin- 
aldosterone system 


The kidney responds to reduced perfusion, reduced solute 
filtration and increased sympathetic nerve stimulation by 
producing an enzyme, renin, which is secreted by modi- 
fied smooth muscle cells of the afferent arterioles in the 
juxtaglomerular apparatus.” Renin then acts on its circu- 
lating substrate to produce angiotensin I, which is con- 
verted to the active hormone angiotensin II by the enzyme 
angiotensin-converting enzyme (ACE) present on endothe- 
lial cells, particularly in the lung (Fig. 2.1). 

This is the conventional view of the way angiotensin II 
is produced, where it is thought to function in an endo- 
crine fashion as a defence against hypovolaemia, hypoten- 
sion and circulatory shock. There is good evidence for the 
local presence of renin (or renin-like enzyme activity), 
angiotensinogen and ACE, leading to local production of 
angiotensin II, in a number of tissues, including the myo- 
cardium, kidney and brain.” In the myocardium, upregu- 
lation of the system is thought to occur in response to 
increased ventricular wall stress** and may be important 
in the development of cardiac enlargement and fibro- 
sis.” The effects of angiotensin II are summarized in 
Table 2.3. Aldosterone is synthesized in response to angi- 
otensin II and acts via mineralocorticoid receptors to pre- 
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Table 2.3 Hormones of key importance in the control of the cardiovascular system 


HORMONE 


Adrenaline (and 
noradrenaline) 


CARDIOVASCULAR AND RENAL EFFECTS 


Increase heart rate and force of contraction (B4) 
Increase vascular resistance, decrease venous capacitance (a, on vascular smooth 


muscle, B> on sympathetic nerve terminals) 
Increase blood flow to skeletal and cardiac muscle (B2) 


Angiotensin II 


Increase vascular resistance, decrease venous capacitance (receptors on vascular smooth 


muscle and on sympathetic nerve terminals which increase noradrenaline release) 
Increase heart rate and force of contraction and stimulate cardiac muscle cell 


hypertrophy 


Enhance sodium retention by the kidney (direct effect in proximal tubule and mediated 
via aldosterone in distal tubule) 

Increase thirst and possibly salt appetite, enhance ADH secretion (effects on the brain 
produced by circulating angiotensin II or by angiotensin II produced in the brain) 


Antidiuretic hormone 
(vasopressin) 
concentrations 


Increase water retention by the kidney (V2-receptors) 
Vasoconstriction (V;-receptors on vascular smooth muscle) seen at higher ADH 


Aldosterone Natriuretic 
peptides (ANP and BNP) 
aldosterone secretion) 


Increase sodium retention and potassium excretion by the kidney 
Increase salt and water excretion by the kidney (direct effects and inhibition of 


Inhibit renin and ADH secretion 

Inhibit the peripheral and central actions of angiotensin II 
Vasodilatation (modest) of resistance blood vessels 

Increase in capillary permeability — reduction in circulating volume 


Endogenous digitalis-like 
substances 


(natriuretic effect) 


Renin ACE 


Angiotensin 
(renin substrate) 


Angiotensin | 
(decapeptide) 


Angiotensin II 
(octapeptide) 


Figure 2.1 


serve sodium by inducing reabsorption from the distal 
nephron. This results in an increase in circulating volume, 
and an increase in preload in the compensated diseased 
heart. However, volume overload ultimately leads to 
volume-induced hypertrophy, myocardial remodelling 
and fibrosis** and therefore inhibition of the actions 
of aldosterone, either by blocking production or its 
receptors, could reduce progression of cardiac disease. 
Aldosterone has been proposed as a biomarker of sever- 
ity of cardiac failure since its concentrations correlate with 
severity of disease in human patients,” although not in 
dogs with mitral valve regurgitation.***’ In the horse, 
increased serum concentrations of aldosterone have been 
reported in association with valvular regurgitation of the 
mitral, aortic and tricuspid valve.** Although this study 


Uncertain physiologic importance, may inhibit salt re-absorption by the kidney 


failed to differentiate the underlying disease it did show 
higher aldosterone concentrations in animals with signifi- 
cant left ventricular enlargement. Some horses with both 
atrial and ventricular enlargement had aldosterone con- 
centrations similar to normal horses and in our laboratory 
horses with aortic valve regurgitation had no increase in 
serum activities of plasma renin, concentrations of angi- 
otensin II or aldosterone (unpublished observations). It is 
not clear where these differences in study results arise 
although this may suggest that in certain forms of cardiac 
disease in the horse activation of the renin-angiotensin 
system is not important. Indeed, horses with compensated 
aortic valve regurgitation have increased systolic pressure 
due to increased end-diastolic volume (preload), such that 
there is no stimulation of renin release from the kidneys 
since systolic pressures are normal. 


Drugs which affect the renin- 
angiotensin-aldosterone system 

The clinical indications for interfering with this system 
pharmacologically are in hypertension and congestive 


heart failure; they potentially have a role in blocking or 
offsetting the remodelling effects of cardiac disease. In 
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Table 2.4 Therapeutic strategies for inhibition of the renin—angiotensin system 


DRUG TARGET 


Inhibition of renin secretion 


EXAMPLES 


B-Adrenoceptor antagonists (e.g. propranolol) 


Inhibition of renin activity 


Competitive renin inhibitors (e.g. enalkiren and remikiren) 


Inhibition of angiotensin Il formation 


ACE inhibitors (captopril, enalapril, benazepril) 


Inhibition of angiotensin II's effects 


Competitive angiotensin Il receptor antagonists (e.g. losartan) 


Inhibition of aldosterone effects 


these diseases, inhibition of the system may produce ben- 
eficial effects. A number of therapeutic strategies might be 
employed, which are summarized in Table 2.4. 

Much attention has been given to the development of 
inhibitors of ACE and these drugs have proven very suc- 
cessful in the management of congestive heart failure and 
have also been increasingly used as antihypertensive drugs 
in human medicine. They have been evaluated in the 
horse, where they resulted in modest benefits in cardiac 
function in asymptomatic horses with mitral valve regur- 
gitation.» The oral bioavailability of enalapril is poor and 
has not demonstrated anti-ACE activity following oral 
dosing in the horse.“ ACE is a nonspecific peptidyl- 
dipeptide hydrolase which also participates in the inacti- 
vation of bradykinin and encephalins. Some of the effects 
of ACE inhibitors may result from an increase of these 
mediators and the adverse effects of ACE inhibitors, such 
as dry cough and proinflammatory properties, have been 
attributed to the nonspecific action of ACE.”” Renin inhibi- 
tors have been developed, but their usefulness may be 
limited by the body’s ability to produce more renin when 
the system is perturbed and so overcome the effects of 
these inhibitors. Nonpeptide angiotensin II receptor 
antagonists have been evaluated in human clinical trials 
with losartan. This drug is selective for the AT1-angiotensin 
receptors and seems to inhibit most if not all of the effects 
of angiotensin II.“ Although this drug causes regression 
of left ventricular hypertrophy in treated patients, which 
is superior to treatment with B-adrenoceptor blockers,’ 
and a reduction in the occurrence of atrial fibrillation,““”” 
there is no improvement in survival over the use of ACE 
inhibitors (captopril) in patients with congestive heart 
failure.*° One limitation of ACE inhibitors is the phenom- 
enon of “aldosterone escape,” whereby aldosterone con- 
centrations increase despite ACE inhibition. This is 
reported in up to 40% of human patients treated.” The 
use of mineralocorticoid receptor antagonists therefore 
have potential synergistic effects with ACE inhibitors as 
well as diuretic effects, which, classically, was the reason 
for using them in patients with heart failure. The use of 
sprinolactone in combination with standard therapy has 
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Mineralocorticoid receptor antagonists, e.g. spironolactone 


been shown to result in an improvement in survival in 
human patients with severe heart failure.“ Mineralocorti- 
coid receptor antagonists also have potential antifibrotic 
effects in the remodelled heart as demonstrated by animal 
models of cardiac remodelling, in elderly human patients 
by improvement in diastolic function but not in Maine- 
coon cats with hypertrophic cardiomyopathy.’ It has 
not been evaluated in the horse, but may prove to be a 
cost effective alternative to ACE inhibition in horses with 
heart failure. 


Natriuretic peptides 


The natriuretic peptides are released from the myocardium 
and have a range of effects both locally and within distant 
tissues. Predominantly the natriuretic hormones have car- 
dioprotective effects, both in terms of changes in preload 
and in cardiac remodelling. Three natriuretic peptides 
(products of different genes) have thus far been discov- 
ered, all sharing a common 17 amino acid ring structure 
closed by a disulphide bond between two cysteine resi- 
dues.*' The sites of production, structures and factors con- 
trolling secretion of these peptides are summarized in 
Table 2.5. 

Both ANP and BNP are released in response to cardiac 
chamber enlargement (atrial and ventricular, respectively), 
are released into the circulation and act on distant target 
sites; this is summarized in Table 2.3. The increase in ANP 
and BNP in cardiac enlargement has led to investigation 
of these as biomarkers of the severity of disease and are 
correlated with severity in human patients and dogs with 
cardiac enlargement>*** but not in horses.” Both peptides 
activate the natriuretic peptide receptors A and B (NPR-A 
and NPR-B), which mediate their effects on renal, 
endocrine and vascular systems. Both receptors possess 
guanylate cyclase activity, which raises intracellular cyclic 
GMP concentrations upon receptor activation. CNP has a 
low affinity for NPR-A receptors and is thought to produce 
its effects by binding to the NPR-B receptor, although the 
functional significance of CNP is far from clear. Unlike 
ANP and BNP, CNP probably acts in a paracrine fashion 


PROPERTY 


Site of 
production 
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Table 2.5 Properties of natriuretic peptides 


ATRIAL NATRIURETIC 
PEPTIDE (ANP) 


Stored in granules of atrial 
tissue as pro-ANP 


Ventricular muscle can 
produce ANP when heart 
diseased 

Also present in the brain — 
particularly areas involved 
in blood pressure regulation 
May also be produced 
locally in the kidney 


BRAIN NATRIURETIC 
PEPTIDE (BNP) 


Produced primarily by ventricular 
muscle (despite name). Not 
stored in granules but 
secreted constitutively 

Atria can produce BNP but in 
smaller quantities than 
ventricles 


C-NATRIURETIC 
PEPTIDE (CNP) 


Most abundant source is the 
brain 

Also produced by endothelium 
of blood vessels 


Structure 


Pro-ANP — 126 amino acids 
a-ANP (ANPoo_126) and 
(ANP, 9g) secreted by atria 
ANP 92-126 and ANP 13-126 
produced in the brain 
Urodilantin (ANPos_126) 
produced in the kidney 
Structure conserved across 
species 


Pro-BNP — 108 amino acids 
BNP-32 (BNP77-108) is secreted by 
ventricular and atrial cells 


Structure not conserved among 
species 


Pro-CNP — 103 amino acids 

CNP-53 (CNPs1-103) and 
CNP-22 (CNPs2-103) both 
occur 


Structure is conserved across 
species 


Stimuli for 
secretion 


Increased atrial transmural 
pressure. Increased heart 
rate 

Ventricular production 


Increased stretch of the 
ventricles. Secretion is 
increased particularly in states 
of ventricular overload and 


Unknown but may include 
cytokines 

CNP is not thought to circulate 
but may have effects local 


increases in heart failure 


rather than entering the circulation and producing its 
effects at a distant site. 

Natriuretic peptides are removed from the circulation 
by binding to a cell surface receptor which is termed 
NPR-C (clearance receptor). The peptides are then inter- 
nalized and degraded by cellular lysosomal enzymes. ANP 
has the highest affinity for the NPR-C receptor, followed 
by CNP with BNP having the lowest affinity. An alternative 
means of removal of the peptides is through metabolic 
degradation via enzymes on the surface of cells. Neutral 
endopeptidase-24.11 (NEP; a Zn**-metallopeptidase) 
cleaves a peptide bond within the ring structure, destroy- 
ing biological activity. NEP is present in many tissues but 
is particularly abundant in the kidney at the glomerulus, 
in renal vascular smooth muscle cells and on the brush 
borders of tubular cells. NEP has the highest affinity for 
CNP followed by ANP and then BNP. The same enzyme 
is capable of metabolizing a number of endogenous 
peptide mediators including encephalins.” The half-life of 
ANP in plasma is about 3 minutes, whereas that of BNP 
is approximately 20 minutes, a difference which presum- 


hypertrophic cardiomyopathy 


to its site of production 


ably reflects the affinity of each peptide for the clearance 
receptor and the NEP enzyme. 


Drugs acting on the natriuretic 
peptide system 


As the natriuretic peptides have opposite actions to the 
renin-angiotensin system, therapeutically it would be 
desirable to enhance their effects in patients with hyper- 
tension or congestive heart failure. Currently, investiga- 
tions have concentrated on inhibiting the breakdown of 
the peptides through the use of neutral endopeptidase 
(NEP) inhibitors. One such drug, candoxatril, has been 
shown to have similar effects to ACE inhibitors in improv- 
ing clinical signs of congestive heart failure in human 
patients in a small-scale clinical trial,” but in another 
increased blood pressure in patients treated with this 
drug.“ The combined effect of vasopeptidase inhibitors, 
drugs that show both NEP and ACE inhibition, shows 
clinical benefits compared to ACE inhibition alone” ™ but 
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they have not been evaluated in clinical use in veterinary 
medicine. 


LOCAL REGULATION OF THE 
CARDIOVASCULAR SYSTEM BY 
THE ENDOTHELIUM 


The endothelium plays an important role in the control 
of vascular function through the release of a range of local 
mediators in response to vasoactive mediators, changes in 
blood flow or oxygenation. The endothelial cell senses and 
integrates these local inputs by varying the mediators it 
produces, and contributes to the local regulation of blood 
flow in a major way.’ The endothelium generates both 
vasodilator and vasoconstrictor mediators (Table 2.6). 


Nitric oxide 


Endothelial cells lining the cardiovascular system are 
thought to continuously produce the free radical gas nitric 
oxide (NO) as a result of the action of a constitutive 
enzyme present in the endothelial cells called endothelial 
nitric oxide synthase (eNOS). This enzyme, when acti- 
vated by a rise in intracellular calcium ion concentration, 
catalyses the conversion of the amino acid L-arginine to 
NO and I-citrulline. L-arginine is actively taken up into 
endothelial cells to provide substrate for this reaction, and 
the product, L-citrulline, can be recycled, being converted 
back into L-arginine. Under normal circumstances, pro- 
duction of NO by endothelial cells is not limited by 
supply of substrate. 

Endothelium-derived NO (EDNO) permeates biologi- 
cal membranes without hindrance and enters adjacent 
vascular smooth muscle cells, binding to the haem iron of 
the soluble enzyme, guanylate cyclase (GC). Activation of 
this enzyme maintains elevated concentrations of cyclic 
GMP within the vascular smooth muscle cell which results 
in tonic relaxation of the cell. 


Table 2.6 Important vasoactive mediators released by 
the endothelium 


VASODILATORS VASOCONSTRICTORS 


Nitric oxide Endothelin (peptide) 


Arachidonic acid metabolites 


Prostacyclin 


A diffusible factor released 
from hypoxic endothelial 
cells (unidentified) 


Endothelium-dependent 
hyperpolarizing 
factor (chemical 
nature unknown) 
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Structural analogues of L-arginine, such as NG 
monomethyl-L-arginine, which inhibit production of 
EDNO by competing with L-arginine for the eNOS 
enzyme, cause a rise in total peripheral resistance and 
arterial blood pressure in vivo in most species examined. 
Transgenic mice have been produced which lack the eNOS 
enzyme and have a mean arterial blood pressure of 35% 
higher than their wild-type counterparts.°° Thus, the 
concept of “tonic vasodilatation” of the circulation has 
emerged, much in the same way as we think of tonic 
vasoconstriction provided by sympathetic vasoconstrictor 
nerves (see above). 

Continuous production of EDNO probably results from 
tonic activation of endothelial cells caused by blood 
flowing across their surfaces, activation of eNOS occurring 
as a result of the shear forces sensed by endothelial cells.°” 
The exact mechanism by which this occurs is unknown 
but will involve an increase in cytosolic calcium concen- 
tration as eNOS is a calcium-calmodulin-activated enzyme. 
It is clear that this mechanism allows EDNO to modulate 
pressure-flow relationships within resistance arterioles, 
ensuring they relax in response to increased intraluminal 
pressure. 

NO production is also stimulated by chemical agents 
which act via endothelial cell surface receptors. Many also 
interact with receptors on vascular smooth muscle to cause 
vasoconstriction, an effect which is functionally antago- 
nized by EDNO (Table 2.7). Excellent examples include 
5-hydroxytryptamine and ADP, which are released when 
platelets aggregate. Not only does EDNO production limit 
the vasoconstriction these mediators cause, it also inhibits 
platelet adhesion and is synergistic with prostacyclin 
in preventing platelet aggregation. The importance of 
receptor-mediated EDNO release by some mediators, 
such as acetylcholine and substance P, has been ques- 
tioned, as these mediators are released from nerves on 
the adventitial side of blood vessels. Nevertheless, it has 
been clearly demonstrated that some endothelial cells 
can synthesize and release acetylcholine, substance P and 
5-hydroxytryptamine. Thus, locally produced mediators, 
which are released under certain conditions (e.g. hypoxia), 
may play an important role in stimulating EDNO 
production.’ Equine digital blood vessels have been 
shown to produce EDNO in response to acetylcholine 
and bradykinin. 

The discussion so far has centred on NO produced by 
endothelial cells under normal conditions. Other consti- 
tutive NOS isoforms exist, the best characterized being 
neuronal NOS, which is regulated in an identical manner 
and subserves functions in the central and peripheral 
nervous systems. Another major group of NOS enzymes 
are the inducible isoforms (iNOS). Expression of these 
enzymes is induced by cytokines (interleukin 18, inter- 
feron gamma and tumour necrosis factor) and by endo- 
toxin. The activity of iNOS is not regulated by cytosolic 
free calcium ion concentration. These enzymes generate 
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Table 2.7 Some important examples of chemical mediators which activate endothelial cells and stimulate the release of 


nitric oxide 


ENDOGENOUS VASODILATORS 
(EFFECT MEDIATED IN PART BY EDNO) 


Acetylcholine (M3-receptors) 


ENDOGENOUS VASOCONSTRICTORS 
(EFFECT MODULATED BY EDNO) 


Adrenaline (o,.-adrenoceptors) 


Bradykinin (B-receptors) 


5-Hydroxytryptamine (5-HT,-like receptors) 


Histamine (H,- or H2-receptors) 


ADP and ATP (P2,-purinoceptors) 


Substance P 


Vasopressin (V;-receptors — present in coronary and 
cerebral vessels) 


Vasoactive intestinal polypeptide 


Endothelin (ETg-receptors) 


Angiotensin II (AT,-receptors) 


Note: The receptor presence and type involved may vary with species and with the vascular bed involved — these examples are merely 


illustrative. 


NO at a much greater, uncontrolled rate when compared 
with constitutive NOS. iNOS enzymes are important for 
the immune response - generation of large amounts of 
NO can kill invading organisms and unwanted cells, but 
can also be induced in the vasculature under certain cir- 
cumstances (see below). 


Pathophysiology of nitric oxide 


Lack of production of EDNO might contribute to a 
number of diseases involving the vascular system, includ- 
ing atherosclerosis, hypertension, congestive heart failure 
and diabetes mellitus (vascular complications). Endothe- 
lial dysfunction is also thought to be of importance in 
reperfusion injury which is evident in cases of myocardial 
infarction. An inflammatory response occurs during reper- 
fusion with the adhesion of leucocytes to endothelial cells. 
Leucocytes are known to produce factors which neutralize 
NO, including superoxide anions and an unidentified 
peptide mediator.” 

Excess production of NO occurs in gram-negative septic 
shock when iNOS is produced in endothelial cells and 
vascular smooth muscle cells, resulting in a vasodilated 
circulation which is hyporesponsive to pressor agents. 
iNOS production in myocardial cells may result from 
cytokine generation during inflammation and lead to poor 
systolic function. 


Pharmacology of nitric oxide 


Nitrovasodilators (e.g. glyceryl trinitrate; GIN) are cur- 
rently used to deliver NO to vascular smooth muscle in 
conditions where the endogenous mediator may be 
lacking (coronary artery disease, congestive failure), and 
have been used in the management of equine laminitis,” 
although the ability of GIN to induce peripheral digital 
vascular dilation has been questioned by a failure to 


improve perfusion to the digit in horses with cold-induced 
digital vasoconstriction.” Organic nitrates are metabo- 
lized by vascular smooth muscle cells, releasing nitric 
oxide local to its site of action. Newer generation NO 
donors are under development, and these may lack some 
of the problems of tolerance that have hampered the older 
nitrovasodilators. 

The supply of L-arginine to endothelial cells of vessels 
in the early stages of atheroma development appears to be 
rate limiting, such that supplementation of L-arginine can 
boost production of NO by the endothelium.” Supply of 
L-arginine is not normally rate limiting for the production 
of EDNO by eNOS for the reasons discussed above. The 
reason why L-arginine boosts NO production by vessels 
undergoing atheromatous change is poorly understood 
and is the subject of intense investigation. 

Other therapeutic advances in the field of NO biology 
are aimed at inhibiting excessive NO production. The 
induction of iNOS can be inhibited by glucocorticoids, 
perhaps explaining the efficacy of these drugs if given in 
anticipation of septic shock. Selective iNOS inhibitors 
may be ideal in the treatment of septic shock, restoring 
vascular tone and arterial blood pressure. So far, they lack 
selectivity and thus are disadvantaged by the side effects 
which result from inhibition of constitutive forms of NOS, 
such as tissue ischaemia.” 


Endothelins 


Endothelins 1 and 3 (ET-1 and ET-3) are peptides 
(21 amino acids), discovered by Yanagisawa et al,” 
as products of cultured endothelial cells with extremely 
potent and long-lasting vasoconstrictor properties. 
The peptides are produced from larger peptide precursors 
(prepro-endothelin and pro-endothelin) by a neutral 
metallo-protease called endothelin-converting enzyme 
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(ECE”). The peptides are not stored in granules but syn- 
thesized and secreted by cells constitutively. Messenger 
RNA for the precursor of ET-1 is inherently unstable, 
allowing regulation of gene expression to closely control 
ET-1 secretion. ET gene expression can be upregulated by 
a number of factors, including hypoxia, shear stress and 
vasopressin. Atrial natriuretic peptide (ANP) can inhibit 
ET secretion by endothelial cells. More than 80% of the 
ET-1 secreted is released from the endothelial cell surface 
facing the vascular smooth muscle, thus ET-1 functions 
locally with little entering the circulation. 

Although the endothelium is a major site of ET-1 secre- 
tion, it is clear that ETs are secreted by a variety of cells, 
including those in the central and peripheral nervous 
system (where ET-3 appears to predominate), kidney, 
heart, gut and adrenals.” The precise physiological roles 
of ETs in these tissues remain to be fully elucidated. 

ETs have profound cardiovascular, renal and endocrine 
effects, the physiological significance of which remains to 
be established. Potent and long-lasting vasoconstriction of 
arterial and venous tissue, positive inotropic and chrono- 
tropic actions (in isolated cardiac tissue) and mitogenic 
effects on vascular smooth muscle and myocardial cells 
are the main cardiovascular effects. The effects of ET on 
renal function are extremely complex and depend on 
whether the peptide is generated local to its site of action 
or is delivered to the kidney from the general circulation. 
Reduced salt and water excretion can result in the latter 
case. Endocrine effects include stimulation of release of 
aldosterone, adrenaline, ADH (ET3 is located in the pos- 
terior pituitary gland) and ANP (which may represent an 
important negative feedback system because ANP inhibits 
ET secretion by endothelial cells). 

Two different types of ET receptor have been cloned 
from the cardiovascular system.” ETA receptors are 
found in vascular smooth muscle and mediate contrac- 
tion. Endothelial cells possess ETB receptors, which stimu- 
late the production of NO. Arterial vascular smooth 
muscle thus far seems to possess predominantly ETA 
receptors, whereas venous vascular smooth muscle may, 
in addition, have a novel ETB receptor subtype linked to 
venoconstriction. The receptor types in cardiac muscle 
have not been well studied. 

Excessive production of ET has been detected in a 
number of disease states in human patients and in horses. 
In particular ET-1 has been shown to induce vasoconstric- 
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INTRODUCTION 


Heart rate and cardiac output increase quickly at the com- 
mencement of exercise, enabling comparatively rapid 
increases in the rate of oxygen consumption. The 6- to 
8-fold increase in heart rate during maximal exercise, 
coupled with an increase in stroke volume, results in 
maximal cardiac output during exercise of approximately 
300 L/minute, or over 0.6 L/minute/kg in trained horses. 
This large increase in blood flow to exercising muscle is 
fundamental to the athletic performance of the horse 
during intense exercise. This is especially so in events of 
more than 1 minute duration, which rely mainly on 
aerobic energy supply.’ Training results in adaptations that 
increase the rate of blood flow to skeletal muscle during 
intense exercise. The main adaptation is an increase in 
stroke volume. Training also causes changes in the electro- 
cardiogram and echocardiogram. 

In this chapter the cardiac responses to exercise and 
modifications with training will be reviewed. Relation- 
ships between cardiac measurements and both fitness 
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assessment and performance prediction will also be 
discussed. 


CARDIAC RESPONSES TO EXERCISE 


Heart rate 


Heart rate during exercise 


Heart rate quickly increases at the commencement of 
exercise, and reaches a steady state in 2-3 minutes. This 
increase is associated with increased sympathetic nerve 
activity and/or catecholamine release.* An overshoot of 
heart rate to levels above the submaximal steady-state heart 
rate may occur at the commencement of exercise. There- 
after the heart rate gradually decreases to a steady state.* 

A linear relationship between heart rate and submaxi- 
mal work effort has been observed in horses trotting, gal- 
loping and swimming.** This relationship is usually 
defined by use of treadmill or racetrack exercise tests 
which involve increasing the speed every 1-2 minutes and 
measuring the heart rate at the completion of exercise at 
each speed. After a suitable warm up, for example, 3 
minutes trotting, the heart rate is stable after 1 minute of 
further exercise at higher speeds. Heart rates recorded 
during an exercise test in three groups of Thoroughbred 
horses are illustrated in Figure 3.1.° The figure demon- 
strates the linear relationship between heart rate and speed 
of submaximal exercise. At higher speeds, further increases 
in treadmill speed are not accompanied by an increase in 
heart rate, and a plateau occurs. The horse is then exercis- 
ing at its individual maximal heart rate. 

The typical relationship between heart rate and speed 
of exercise enables variables such as V20 and Vurmax to be 
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Figure 3.1 Mean heart rate + SE, as a function of velocity 
for yearling (Ml), two-year-old (O) and adult (e) 
Thoroughbred horses exercising on a treadmill set at 

6 degrees; Yearlings: n = 16, y = 93.30 + 19.44x, ° = 88%. 
Two-year-olds: n = 12; y = 89.85 + 18.05x, 7 = 80%. 
Adults: n = 14; y = 79.99 + 14.60x, ° = 92%. 
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Figure 3.2 Determination of V299 and Vigmax from 
measurements of heart rate at treadmill speeds of 4, 6, 8, 
10, 11, 12 and 13 m/s (treadmill slope 10%).? 


calculated. These measurements have been used to 
compare different groups of horses, or individual horses 
with a normal group, or measure changes in the heart rate 
response to exercise during training or detraining.” Vzoo is 
the velocity which generates a heart rate of 200 beats per 
minute. Vurmax is the velocity at which the loss of linearity 
occurs and no further increase in heart rate occurs, despite 
an increase in velocity. Derivation of these variables is 
illustrated in Figure 3.2.” Some studies have also used V140, 
the velocity that results in a heart rate of 140 beats per 
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minute. It has been argued that Vz is superior because it 
approximates the intensity of exercise which results in a 
blood lactate concentration of 4 mmol/L.” However, this 
argument should not dictate strict adherence to V300. If V200 
is used to compare the fitness of different horses, the 
measurement could be very misleading. Two horses could 
have the same Vo, but very different maximal heart rates, 
and therefore very different velocities at which they reach 
their maximal heart rates. The Vo ignores the cardiac 
reserve between 200 bpm and maximal HR, and so is best 
used to measure changes in an individual horse over time, 
assuming that maximal HR does not change. 

The heart rate versus work relationship during treadmill 
exercise is very reproducible for individual horses at heart 
rates between 120 and 210 bpm." During racetrack exer- 
cise, the reproducibility of Vo) in Standardbred horses 
measured in a racetrack exercise test was also good.” This 
study also found that Vz was not significantly altered by 
a change of racetrack on which the test was conducted. 
However, in an individual horse extraneous factors can 
influence the heart rates during an exercise test. For 
example, anxiety, the presence of a breathing mask” and 
changes in treadmill exercise testing routine” can elevate 
heart rate during exercise. 

The normal heart rate responses to treadmill exercise in 
Thoroughbred horses have been described.*" Figure 3.1 
illustrates the responses in 16 yearling, 12 two-year-old 
and 14 trained adult Thoroughbreds.* The slope of the 
linear regression of heart rate on m/s in the trained adult 
horses was significantly less than the slopes for both the 
untrained two-year-olds and yearlings. 

There is a linear relationship between heart rates and 
oxygen consumption during submaximal exercise (Fig. 
3.3A"). This relationship is not affected by the slope of 
the treadmill in the range 0-10%. Likewise, there is a 
linear relationship between relative heart rate and relative 
oxygen uptake during submaximal exercise (expressed as 
percentages of maximal values) (Fig. 3.3B'*). This close 
relationship infers that the velocity at which an individual 
horse attains its maximal oxygen uptake is equivalent to 
the Vipmax.: 

The overshoot at the commencement of exercise may be 
absent if the exercise is at a high intensity. Instead, heart 
rates may gradually increase to maximal. Overshoot of 
heart rate occurred at the start of exercise at 50% of Vosmax 
(maximum oxygen uptake) in Standardbred horses. 
However, at 100% Vo,max, heart rate gradually increased 
during a 5 minute period of exercise.'® The slow increase 
in heart rate towards the true maximal heart rate in that 
study may have been related to the absence of a warm up 
period of exercise. 

Heart rates during swimming vary greatly between 
horses, and are usually in the range 130-180 bpm.“ The 
mean highest heart rate recorded in nine horses during 
show jumping were 191 + 3 bpm.’ Mean (+s.d.) heart 
rates during phases A and C of an advanced 3-day event 
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Figure 3.3 Relationships between oxygen uptake (Vo,) and 
heart rate (HR) (A) and between % HRmax and % Vomax 
(B) in five Thoroughbred racehorses during submaximal 
treadmill exercise. Results are pooled from exercise tests 
conducted at 0, 2.5, 5, 7.5 and 10% treadmill inclines. 
@ 0%; E, 2.5%; A, 5%; O, 7.5%; O, 10%. A: 

Vo, = 0.833 (HR) — 54.7, r? = 0.865. B: % Vomax = 1.348 
(% HRmax) — 41.0, 7 = 0.939." 


were 118 + 11 and 135 + 28, respectively. During phases 
B and D, heart rates were 175 + 23 and 171 + 19, 
respectively. A continuous record of heart rates in a horse 
competing in the event is illustrated in Figure 3.4.” 
During prolonged strenuous submaximal exercise at a 
constant work rate, a gradual increase in heart rate, or 
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Figure 3.4 Heart rate of a horse competing in an advanced 
(CCI***) three-day event. “Denotes the beginning of phase 
A, ’denotes the beginning of phase B, ‘denotes the 
beginning of phase C, “denotes the end of phase C and 
beginning of 10-minute box, ‘denotes the beginning of 
phase D and ‘the end of phase D."° 


“cardiovascular drift” can occur. For example, during 30 
minutes of exercise, mean heart rate increased from 154 
to 173 bpm.” This “drift” was accompanied by increases 
in minute ventilation and stroke volume, while cardiac 
output was unchanged. In another study, horses exercising 
at 55-60% of individual HR, for 60 minutes had 
minimal changes in heart rate.” Heart rate responses 
during prolonged exercise probably depend on hydration 
status and the environmental conditions. 

The effects of dehydration on heart rate during and 
after 40 minutes of exercise eliciting approximately 40% 
of maximal oxygen consumption have been described.” 
Horses were exercised in three conditions; euhydrated, 4 
hours after administration of furosemide (1.0 mg/kg i.v.) 
to induce isotonic dehydration, and after 30 hours without 
water to induce hypertonic dehydration. The most pro- 
nounced heart rate drift occurred in the dehydrated horses. 
Heart rates after 30 minutes of exercise were significantly 
higher in the horses dehydrated by treatment with 
furosemide than in the control, euhydrated condition. 
During the recovery period heart rates were also higher in 
both groups of dehydrated horses than in the control 
horses (Fig. 3.5). This study demonstrated that dehydra- 
tion results in higher heart rates during and after pro- 
longed submaximal exercise. 

Diseases such as chronic obstructive pulmonary disease 
result in heart rates during submaximal exercise that are 
significantly higher than those found in normal horses.**° 
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Figure 3.5 Cardiac output Q (A) and heart rate HR (B) of 
six horses during exercise at 40% of maximal oxygen uptake 
for 40 minutes and for 30 minutes after exercise in control 
conditions (C @___@), dehydrated by furosemide (FDH 
E------ W) and by water deprivation (DDH W........m). *FDH 
significantly different from C; *DDH significantly different 
from Co. 


Measurements of heart rate and other cardiorespiratory 
and metabolic indices during treadmill exercise have also 
been used to investigate the functional significance of 
various electrocardiographic findings. This technique was 
used to illustrate that T wave changes and second degree 
AV block in the resting electrocardiogram do not result in 
significantly different heart rates or peak oxygen consump- 
tion in Thoroughbred and Standardbred racehorses.”° 
High heart rates during submaximal exercise are also to 
be expected in horses with diseases which limit stroke 
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volume, such as atrial fibrillation.” ( ` AF) When valvular 
dysfunction, or structural cardiac disease results in cardiac 
decompensation, affected horses will also have an 
increased heart rate during exercise, before clinical signs 
of heart failure are evident at rest.** 

However, lameness should also be considered as a 
cause of high heart rates during submaximal exercise tests. 
Mild unilateral forelimb lameness also causes lower 
maximal oxygen uptake and more rapid blood lactate 
accumulation during intense exercise.” High heart rates 
could also be due to anxiety if the horse has not been 
adequately acclimated to the treadmill test procedures. 
Field studies of submaximal heart rate could be easier to 
interpret because the horse is exercising in its usual envi- 
ronment, and should be less subject to the effects of fear 
or anxiety. 

The highest heart rates recorded during racing in 19 
Thoroughbreds averaged 223 bpm, with a range of 204- 
241 beats/minute.*° Mean peak heart rate in eight yearling 
Thoroughbreds was approximately 240 beats/minute, 
compared to 220-230 in 2- to 4-year old horses.’* Like- 
wise, yearling, two-year-old and adult Thoroughbreds had 
similar means (229-231 bpm) and ranges (215-254 
beats/minute) of peak heart rates during an incremental 
treadmill exercise test. In a recent retrospective multi- 
centre study, horse age, gender, breed, use and fitness 
combined with the testing centre itself were shown 
to affect peak heart rate in 394 horses undergoing stand- 
ardized treadmill exercise tests. High interindividual 
variability in heart rates while racing have also been 
recorded in Standardbreds, ranging from 210 to 238 with 
a mean of 221 beats/minute.** However, in an individual 
horse, the maximal heart rate is highly repeatable.” 
Further work is required to confirm that the highest 
(peak) HRs recorded during Thoroughbred and Standard- 
bred races are equal to the maximal HR attainable by 
the horse. 

A new technique has been established for the study of 
submaximal and maximal heart rates during field gallops 
in Thoroughbred racehorses. This approach uses simulta- 
neous measurement of velocity with a global positioning 
system, and heart rates. Derived indices of fitness such as 
Vooo and Virmax during the field gallop on a racetrack have 
been measured reliably, and have demonstrated increases 
with training in 2-year-old Thoroughbreds*® Vyurmas has 
also been correlated with retrospective racing performance 
in Thoroughbreds.** 


Heart rate after exercise 
( AF) 


Heart rate recovery is usually very rapid in the first minute 
after exercise stops.***’ It then decreases more gradually 
towards normal resting values. The rate of heart rate recov- 
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ery after maximal treadmill exercise is probably independ- 
ent of training state, although clinical experience suggests 
that the rate of heart rate recovery does seem to be related 
to conditioning in a broader range of equine athletes 
under field conditions. In common with heart rates at rest 
and during submaximal exercise, heart rates during recov- 
ery are also susceptible to rapid fluctuations due to excite- 
ment.” Heart rates during recovery from the cross country 
(Phase D) of a 3-day event were not correlated with heart 
rates during competition.*® 

After prolonged submaximal exercise, recovery heart 
rates are higher in horses that were dehydrated before 
exercise.” Poorly performing endurance horses have 
higher postexercise heart rates than the better perform- 
ers.” Horses with heart rates less than 60 beats/minute at 
30 minutes post-exercise had less evidence of dehydration 
and myopathy.“ Horses with heart rates greater than 
65-70 beats/minute at the 30 minute recovery time at the 
mid-point of an endurance ride were more prone to 
develop severe dehydration and exhaustion when allowed 
to continue.” 

Most studies report that heart rate in resting horses does 
not decrease after training, ® but decreases do occur 
during submaximal exercise.*°*” However, the decrease in 
heart rate with training is often only 10-20 beats/minute 
at any submaximal speed.’* Some studies have also 
reported that heart rates during submaximal exercise were 
not significantly different after training.***’ In two tread- 
mill training studies which demonstrated significant 
increases in maximal oxygen consumption, no significant 
changes were found in heart rate during submaximal exer- 
cise.“““* Decreasing heart rate during submaximal exercise 
is therefore an unreliable index of fitness in horses. 
Perhaps horse excitement, or anxiety, during treadmill 
exercise tests, renders measurements such as Voo less reli- 
able, compared to similar measurements made in the field 
in a more familiar environment.** 

The individual HRmax is not affected by training, and it 
is not a useful measure of fitness.**””” Individual HRmax 
can be affected by the cardiac rhythm abnormality, atrial 
fibrillation.” During atrial fibrillation peak heart rates 
during exercise are greatly increased compared to during 
normal sinus rhythm. In clinical cases affected by paro- 
xysmal or sustained atrial fibrillation, heart rates during 
submaximal exercise can approach 300 beats/minute. As 
a result of the abnormally high heart rates maximal stroke 
volume is decreased due to suboptimal ventricular filling, 
and peak athletic performance is adversely affected. Reso- 
lution of the abnormal rhythm after treatment or sponta- 
neous conversion usually results in return to normal 
individual HR,,,, and previous levels of athleticism. 

Postexercise heart rates have shown no significant 
changes due to training in several studies.“**°** However, 
heart rates taken within 1-5 minutes of completion of 
fast work by Thoroughbreds were lower after training 


in another study.“ Analysis of fitness using postexercise 
heart rates may be limited because of the rapid cardiac 
deceleration after cessation of exercise and the influence 
of psychogenic factors at heart rates less than 120 beats/ 
minute.” 

Heart rate measurements during submaximal treadmill 
exercise have been expressed relative to treadmill speed in 
some studies for measurement of fitness. For example, the 
treadmill velocities which result in heart rates of 140 (Vi40) 
or 200 beats/minute (V2.0) have been used. In an indi- 
vidual horse a decrease in Vi49 OF Vo indicates that the 
heart rate is abnormally elevated during submaximal exer- 
cise. This decrease could suggest loss of cardiovascular 
fitness, cardiac or pulmonary disease, or lameness. 

Echocardiography has been used to study cardiac func- 
tion after treadmill exercise’ The heart rate recovery 
appeared to be prolonged after exercise in hot humid 
conditions (30°C and 80% relative humidity) compared 
to a recovery after exercise in a cooler environment. 
Echocardiographic indices of ventricular dimensions and 
contractile performance were also lower after exercise 
in hot humid conditions. It was suggested that these 
responses could reflect a reduction in preload due to the 
effect of dehydration or the redistribution of blood flow. 
If echocardiography is used to clinically evaluate cardiac 
function after exercise as has been suggested” the exercise 
test and environmental conditions must both be strictly 
standardized. 


Stroke volume and cardiac output 


Stroke volume in the resting horse is approximately 800- 
900 mL, or about 2-2.5 mL/kg.*”** Stroke volume increases 
by about 20-50% in the transition from rest to submaxi- 
mal exercise.’“°°**? It does not change as intensity of exer- 
cise increases from approximately 40% Vomax to 100% 
Vomax, despite the limited time available for ventricular 
filling at high heart rates during exercise.’ Stroke 
volumes of 2.4 mL/kg (1250 mL)” and 3.8 + 0.4 mL/kg 
(approximately 1700 mL)* have been reported in fit Thor- 
oughbreds during treadmill exercise at Vomax- This large 
difference could reflect biological variation, or differences 
in the method of measuring oxygen uptake during the 
exercise test. 

Values reported for cardiac output in fit Thoroughbreds 
during treadmill exercise at Vo,max ate 534 + 54 mL/kg/ 
minute (277 L/minute)* and 789 + 102 mL/kg/minute 
(355 L/minute).” 

During tethered swimming at low work loads, stroke 
volume decreased from 2.06 mL/kg at rest to about 
1.5 mL/kg. This response may be related to decreased 
venous return secondary to the alterations to breathing 
pattern during swimming.‘ 

During prolonged exercise cardiac output is decreased 
in dehydrated horses, and this limits thermoregulation.” 
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In an experiment in which horses were exercised for 40 
minutes while euhydrated, or dehydrated by either with- 
drawal of water (DDH) or administration of furosemide 
(FDH), cardiac output was significantly lower in FDH 
(144.1 + 8.0 L/minute) and in DDH (156.6 + 6.9 L/minute) 
than in euhydrated horses (173.1 + 6.2 L/minute) after 30 
minutes of exercise (see Fig. 3.5). Dehydration resulted 
in higher temperatures in the middle gluteal muscle and 
pulmonary artery during exercise, but temperatures in the 
superficial thoracic vein and at subcutaneous sites on the 
neck and back were not significantly different. Sweating 
rates were also similar in control and dehydrated horses, 
and it was concluded that the impairment of thermoregu- 
lation was primarily due to decreased transfer of heat from 
core to periphery. 


CARDIAC RESPONSES TO TRAINING 


In human athletes typical adaptations to training include 
bradycardia, increases in end-diastolic dimension and 
maximal stroke volume. Maximal cardiac output is 
increased, largely because of an increase in maximal stroke 
volume. Heart rate is decreased at rest and during sub- 
maximal exercise because of increased parasympathetic 
tone and the effect of increased stroke volume on reflex 
sympathetic tone. These cardiac adaptations are coupled 
with peripheral adaptations in skeletal muscle which 
increase maximal arteriovenous oxygen content difference 
during exercise. Peripheral adaptations which increase 
skeletal muscle oxidative capacity and vascular conduct- 
ance include increased capillarity and mitochondrial 
volume density and increased concentrations of oxidative 
enzymes. The increases in cardiac output and arterio- 
venous oxygen content difference during maximal exercise 
result in increased maximal oxygen uptake.” 

Stroke volume increased in horses after training by 
approximately 10% during treadmill exercise at 12 km/ 
hour on an 11.5% grade in one study.” This response was 
after 10 weeks trotting training at heart rates of 150 beats/ 
minute. However, the cardiac output during exercise was 
not changed, reflecting a decrease in heart rate after train- 
ing. Other treadmill studies have not demonstrated signifi- 
cant changes in stroke volume during submaximal exercise 
subsequent to treadmill training.***° Variability in results 
of these studies probably reflects differences in experimen- 
tal methods and design, and variable responses to differ- 
ent durations and intensities of training. 

Changes in maximal oxygen consumption due to train- 
ing and detraining have been associated with changes in 
stroke volume. A 23% increase in maximal oxygen con- 
sumption was accompanied by a significant increase in 
stroke volume during maximal exercise.” In another study 
stroke volume during exercise at 100% Vomax did not 
change significantly with training, but decreased signifi- 
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cantly by 11% from 1426 + 50 mL to 1271 + 68 mL after 
6 weeks detraining.*’ 

Oxygen pulse (OP) is the ratio of oxygen uptake to heart 
rate, expressed as millilitres oxygen per beat per kilogram. 
It has been used as a correlate of stroke volume. For 
example, a horse exercising with an oxygen uptake of 
150 mL oxygen/minute/kg with a HR of 207 beats/minute 
has an OP of 0.724 mL/beat/kg. An increased peak Vo, 
after training was associated with an increase in oxygen 
pulse, but there were no effects of training on respiratory 
function. The increase in peak Vo, induced by training 
therefore seems to be mainly due to cardiovascular 
and haematological changes rather than to ventilatory 
changes.*® 

The cardiovascular responses to an expanded plasma 
volume include increased right atrial pressure and stroke 
volume.” Plasma volume in the resting horse increases 
after training,“° and this probably accounts for the 
increased higher mean right atrial pressure and stroke 
volume found after training.“ Recent data also showed 
that right ventricular internal dimensions in diastole, 
measured using echocardiography, increased in response 
to commercial race training.“ Training also caused lower 
LVdP/dtmax at rest and during submaximal exercise.** 

Trained horses have slightly higher relative heart masses 
(1.1% of body weight) than untrained horses (0.94%), 
suggesting that training causes hypertrophy of cardiac 
muscle.® This hypothesis has now been supported by a 
number of longitudinal and cross-sectional echocardio- 
graphic studies that have demonstrated increased calcu- 
lated LV mass and wall thickness following training and a 
decrease following detraining. 

A longitudinal study of effects of training in 7 2-year- 
old Thoroughbred racehorses reported that left ventricular 
internal diameter increased from 11.38 + 0.58 cm before 
training to 12.16 + 0.7+ cm after training (P < 0.001). 
Calculated left ventricular mass also increased signifi- 
cantly (mean increase of 33%). Relative wall thickness 
was also significantly increased in these horses. The 
responses were independent of changes in body mass.™ 
Similar changes in LV dimensions have also been reported 
for a group of young Standardbred horses.“ although 
relative wall thickness was unchanged by training in these 
horses; a feature that probably reflects the different train- 
ing methods used. Kriz et al also reported reductions in 
LV dimensions and indices of cardiac function in Stand- 
ardbreds at 4 and 12 weeks of a period of detraining® 
and a similar phenomenon has been reported for 
Thoroughbreds.*”° 

Absolute and relative internal cardiac dimensions of 
equine athletes are also affected by race discipline.’ The 
observed differences in weight-corrected diastolic left 
ventricular dimensions LVIDd and SA area of 1 cm (8%) 
and 16 cm? (16%) between race-fit 2-year-old flat horses 
and seasoned National Hunt steeplechasers were not dis- 
similar in relative magnitude to the differences between 
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Figure 3.6 (A) A right parasternal long axis four-chamber image from a 4-year-old Arabian gelding previously used for flat 
racing over distances not exceeding 2.5 miles. (B) The same view as in A. A right parasternal long axis four-chamber image 
from an 11-year-old Arabian endurance horse that competed at international level for the United Kingdom. Note the greatly 
increased areas of all of its cardiac chambers resulting in a much larger heart in this individual. Increased cardiac chamber 
volume is a classic adaptation to prolonged endurance exercise. 


sedentary humans and competitive athletes. Significant 
differences in chamber dimensions were consistently 
present between the long distance steeplechasers and all 
of the other groups of racehorses studied, except for the 
hurdlers that compete over similar distances but over 
lower fences. As left ventricular chamber width increases 
in response to dynamic exercise and endurance training in 
both humans“ and horses,® these data showed that 
conditioned racehorses develop a cardiac morphology 
that is appropriate to the endurance component of their 
event, adding further weight to the assertion that the 
endurance component of training and competition 
also influences cardiac morphology in equine athletes 
(Fig. 3.6). 

Gender also affects cardiac morphology; after adjust- 
ment for body weight and age, entire male horses had 
larger, heavier hearts than female horses at similar levels 
of fitness.°*°” 


RESTING CARDIAC RHYTHM 
IN HORSES 


Blood pressure homeostasis in the resting horse is con- 
tolled by alterations in parasympathetic tone.* Increased 
vagal activity to control arterial pressure results in progres- 
sive conduction block at the sinus and atrioventricular 
node, with the result that a high proportion of normal 
horses have vagally induced rhythm irregularities at 
rest,” the vast majority of which disappear during exer- 
cise and are therefore considered physiological. Typical 


vagal rhythms include sinus bradycardia, sinus arrhyth- 
mia, first and second degree atrio-ventricular block and 
sino-atrial block (see Chapter 15). When any of these 
dysrhythmias disappear during exercise, they are not 
implicated in poor performance.”””*” Poor athletic per- 
formance can however be associated with atrial fibrilla- 
tion, complete heart block, and premature atrial and 
ventricular contractions.””’° ( ` AF, AR) 

It has been suggested that the resting equine ECG can 
be used to diagnose abnormal patterns of ventricular repo- 
larization using assessment of the resultant “T” wave and 
that this is helpful in assessing racehorses with a history 
of poor performance.’””” Proponents of this technique 
concluded that T-wave abnormalities indicated impaired 
cardiac function, possibly related to training stress or myo- 
carditis.” However, the usefulness of T-wave evaluation 
for diagnosis of poor performance has been questioned®® 
and the technique has largely been discredited. T wave 
shape changes with training, and is not correlated with 
poor racing performance." 


ATRIOVENTRICULAR VALVE 
REGURGITATION 


Regurgitation at one or more cardiac valves is common in 
athletic horses and such regurgitation not infrequently 
results in an audible cardiac murmur.*’ Recent data have 
shown that the presence of multivalvular regurgitation 
increases in response to age and athletic training in Thor- 
oughbreds"’*’ and Standardbred racehorses™ (see Chapter 
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16). These findings are in agreement with data from 
human athletes***° and highly trained dogs.®% It seems 
increasingly likely that the high prevalence of valvular 
regurgitation in all athletic species is largely physiological 
in origin and as such does not imply structural abnormali- 
ties of the cardiac valves.” Rather, it has been suggested 
that multivalvular regurgitation in athletes is caused by 
altered cardiac loading conditions and morphological and 
functional changes to the valve apparatus invoked by 
chronic exposure to athletic training. Certainly the preva- 
lence of tricuspid valve regurgitation when assessed by 
Doppler echocardiographic techniques are very similar in 
human“ and equine athletes."’*’ This assertion is further 
supported by the relatively low percentage of horses in 
race training that are affected by cardiac murmurs, or valve 
regurgitation, that, based on current guidelines,** might 
be considered to be “clinically significant” (murmur 
>grade 3/6). Studies of oxygen pulse (Vo,/HR, mL/beat/ 
kg) or cardiac output in horses with different grades of 
cardiac murmurs and other suspected cardiac disease 
might assist with interpretation of clinical significance of 
murmurs in individual animals. (ET) 


ROLE OF THE HEART IN 
DETERMINING ATHLETIC 
PERFORMANCE 


There has been considerable scientific debate as to whether 
the cardiac pump or the peripheral utilization of oxygen 
limits oxygen transport and Vo,max in mammals. Yet in the 
Thoroughbred industry, it has long been believed that 
large hearts are associated with racing success. Conse- 
quently, electrocardiographic and/or echocardiographic 
methods have been used over many decades to assess 
heart size to estimate the likelihood of future racing 
success. Anecdotes and the historical post mortem records 
of elite racehorses have always encouraged the practice, 
despite a lack of convincing scientific evidence in the 
veterinary literature to support the practice. Eclipse was 
unbeaten in 26 races and like Phar Lap, the winner of 57 
races, his heart after death weighed over 6 kg. This is 20% 
larger than that of an average racehorse based on post 
mortem studies.® Secretariat, the record-breaking Ameri- 
can racehorse, was alleged to have had a heart that weighed 
over 10 kg, and based on this heart size, it has been sug- 
gested that his maximal cardiac output would have 
exceeded 500 L/minute!” As discussed previously, the 
equine cardiovascular system is hugely compliant, with a 
heart rate range from 20 to 240 beats/minute and a splenic 
red cell reserve able to double packed cell volume and 
oxygen delivery during maximal exercise.” As Qo, (rate of 
oxygen transport) is the product of cardiac output and 
arterial oxygen content (determined from the Fick equa- 
tion), these adaptations are of huge benefit in optimizing 
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oxygen transport. Although maximal heart rate is impor- 
tant in determining maximal cardiac output, stroke 
volume will be determined principally by heart size.” In 
horses, the proportion of skeletal muscle exceeds 50% of 
lean body weight and the oxidative capacity of equine 
muscle far exceeds the capacity of the cardiovascular 
system to deliver oxygen to it.’ As a result, the stroke 
volume of the heart should be important in determining 
aerobic capacity for individuals.**”” 

Elite human athletes competing in primarily aerobic 
events have higher maximal oxygen uptake (Vo max) than 
normal, nonathletic individuals.’ In human athletes, 
there is scientific as well as theoretical evidence to support 
a link between left ventricular mass and Vojmax-°”” It has 
also been suggested that Vomax correlates to athletic per- 
formance in horses.’*®? However, there was no relation- 
ship between left ventricular size and Vomax in six 
Thoroughbreds exercising on a treadmill.” However, this 
and most other studies, focused on flat race Thorough- 
breds or Standardbreds that generally run over distances 
of less than 3200 m (2 miles). 

More recently a strong relationship between left ven- 
tricular mass and other measurements of cardiac size with 
Vo max Was reported in a group of 18 Thoroughbred race- 
horses exercising on a high-speed treadmill." These data 
showed that Vo,max Was significantly correlated with left 
ventricular (LV) internal diameter in diastole (r = 0.71; 
P = 0.001), estimated LV mass (r = 0.78; P = 0.0002) and 
LV short-axis area in diastole (r = 0.69; P = 0.003). When 
indices of heart size were indexed to body weight the cor- 
relation between Vo,max and indices of heart size were LV 
diastolic diameter (r = 0.57; P = 0.01), LV mass (r = 0.78; 
P = 0.0002) and LV short-axis area (r = 0.69; P = 0.003) 
(see Figure 3.7). The distribution of data from these horses 
also provided further circumstantial evidence of a possible 
relationship between high Vo,max and long distance per- 
formance, as the horses with the highest Vo,max values were 
both National Hunt horses who had been rated in the top 
5% of the population at the peak of their careers, both 
having won races at the prestigious Cheltenham Festival. 
The study also included data from a successful sprinter, a 
colt who had performed successfully over 1000-1200 
Vom. His heart size indexed to bodyweight and his 
Vomax Were in the lowest quartile of the present dataset, 
yet this colt was rated in the top 15% of sprinters. 

Whilst a relationship between left ventricular dimen- 
sions and Vo,max had been established, whether a similar 
relationship existed for heart size and athletic performance 
was still in doubt. However, recent data from a large cross- 
sectional study of racehorses competing on the flat or over 
jumps in the United Kingdom“ did demonstrate a 
relationship between derived left ventricular mass and 
published rating (quality) in horses racing over longer 
distances in jump races (P < 0.001), although the strength 
of the association with left ventricular mass was less for 
horses in flat races. Rather, left ventricular ejection fraction 
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Figure 3.7 The results of fitting a linear model to describe the relationship between Vomax and LV mass (A) and Vomax and LV 
mass/kg bodyweight (B). The equation of the fitted models, shown as a solid line, are A:Vo max = 67.1348 + 0.0249419 x LV 
mass and B: Vomax = 52.9644 + 13.7519 x LV mass/kgBW. O = Flat racing TB; @ = research TB, A = National Hunt TB. The 
inner bounds show 95.0% confidence limits for the mean Vo max Of many observations at given values of LV mass. The outer 
bounds show 95.0% prediction limits for new observations. LV mass was determined from an M-mode echocardiograph of 
the left ventricle at chordal level using the equation in Ref. [106]. TB, Thoroughbred. Reproduced with permission from Young 
LE, Marlin DJ, Deaton C et al. Heart size estimated by echocardiography correlates with maximal oxygen uptake. Equine Vet J 
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and left ventricular mass combined were positively associ- 
ated with race rating in older flat race horses running 
over sprint (<1408 m) and longer distances (>1408 m), 
explaining 25-35% of overall variation in performance, as 
well as being closely associated with performance in 
longer races over jumps (23%). Predicted differences 
between otherwise equivalent horses with small and large 
hearts was thus able to explain a significant proportion 
of the difference between elite and nonelite racehorse 
performance, thus providing the first direct evidence 
that cardiac size influenced athletic performance in a 
group of racehorses. A similar relationship has also been 
reported for Standardbreds.“’ However, these results 
conflict with findings in 370 Thoroughbred yearlings, 
where there was no relationship between echocardio- 
graphic measurements of heart size and prospective race 
performance. 

Use of echocardiography to predict future performance 
of racehorses should nevertheless still be used with 
caution, because the relative proportion of energy supply 
from aerobic metabolism probably varies widely. For 
example, in Thoroughbred races, with a range of 800- 
3200 m distance, the relative contributions of aerobic 
energy output could be 40-80%. With the possible excep- 
tion of horses used for high-level endurance riding, the 
technique is also likely to have limited value for horses 
other than those that race, as other skills are likely to be 
equally or more important influences on their athletic 


success than aerobic capacity. Additionally the level of 
skill required to obtain repeatable images of the equine 
left ventricle with an echocardiograph for this purpose is 
high and the confounding effects of gender, fitness, age 
and body size must always be taken into account. Predic- 
tion of maximal cardiac output and maximal oxygen 
uptake from estimates of stroke volume in a resting horse 
will also be confounded by variation in maximal heart 
rates during exercise. 

Heart score is the mean of the QRS wave durations (ms) 
in leads I, II and III, and this measurement was used in 
several studies for the assessment of cardiac size prior to 
the use of echocardiography. A study in Thoroughbreds 
found a high correlation between heart score and cardiac 
mass, and a moderate but significant correlation between 
heart score and Thoroughbred race earnings per start.” 
Although these data led to some popularity of the use of 
heart score as a means of predicting future performance, 
particularly in Australia, the relationship between heart 
score and performance was either not reproduced,™ or the 
coefficient of determinations for the associations between 
heart score and racing ability was too low to be of practical 
value. ®™®* Additionally, heart score was not significantly 
correlated to Vo max in 46 racehorses (C. M. King, unpub- 
lished data). As well, there are compelling electrophysio- 
logical considerations that suggest that the QRS duration 
is unlikely to accurately reflect cardiac chamber size in 
horses. 
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The function of the cardiovascular system depends on 
both contraction and relaxation in a regular and control- 
led manner. Due to the integrated nature of the heart, 
the vasculature, lungs and kidneys, disease of any of 
these can potentially lead to changes in the other. In 
the horse, endocardial disease is the predominant form 
of cardiac disease and myocardial remodelling most 
commonly occurs as sequel to valvular insufficiencies. 
Cardiac enlargement and remodelling are however impor- 
tant and contribute to the syndrome of cardiac failure due 
to excessive chamber enlargement. However, most studies 
investigating cardiac remodelling relate to human patients 
with either hypertension or myocardial ischaemia and 
therefore it may not be appropriate to extrapolate these 
data to the horse. The purpose of this chapter is to review 
the mediators of cardiac pathology that are important for 
the progression of cardiac disease in the horse and relate 
these to pathological changes in the equine heart. 


CARDIAC PATHOLOGICAL 
EXAMINATION 


Most pathological techniques to examine the heart are 
designed to examine each chamber in isolation, usually 
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opening the chamber along its border with the intra- 
ventricular septum and displaying its internal surface for 
examination and determination of weight.’ While this 
technique does have several advantages it does not enable 
the clinician to visualize the heart in the manner to which 
it has been examined by echocardiography. Therefore, a 
more clinically orientated approach to gross pathological 
examination of the heart is recommended.’ This approach 
is lesion orientated and therefore should commence by 
examining the side of the heart which is most affected by 
disease. 

The pericardium should be examined for evidence of 
pathology, and the pericardial fluid volume should be 
determined and a sample obtained for cytological and/or 
bacteriological examination. The left side of the heart is 
examined by placing metal rods (blunt ended and at least 
30 cm in length) through a small hole made in the left 
atrium and advanced through the mitral valve and rested 
at the cardiac apex; it is advisable not to place the rod 
through one of the pulmonary veins as this will not create 
the correct anatomical view. A second metal rod should 
be placed through the aortic valve and placed at an angle 
so that it reaches the same point on the cardiac apex. A 
large flat knife, such as a 12-inch disposable dissection 
knife, should then be used to cut alongside these metal 
guides to create a sagittal section and open the ventricle 
to mimic a left parasternal view of the left ventricle and 
left ventricular outflow tract (Fig. 4.1). The right ventricle 
should be examined in a similar manner by placing a 
metal rod down through the pulmonary artery and 
another through the right atrium into the right ventricular 
apex through the tricuspid valve. Care should be taken to 
avoid the moderator band within the ventricular lumen 
(trabeculae septomarginalis). This will mimic the cranially 
angled right parasternal view of the right ventricle and 
right ventricular outflow tract. 
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Figure 4.1 Post mortem appearance of equine heart following preparation to mimic imaging planes obtained by 
echocardiography showing left ventricle (A: right parasternal long axis view of the left ventricle) and right ventricle (B: right 
ventricular inflow-outflow view) demonstrating left ventricle (LV), left atrium (LA), left ventricular outflow tract (and aorta 

— LVOT) with arrow pointing towards aortic outflow, intraventricular septum (IVS), right ventricle (RV), right atrium (RA), 
tricuspid valve (TV), right ventricular outflow tract (RVOT) leading to pulmonary artery (depicted by arrow), aorta (Ao) and 


coronary artery (arrow head). 


The heart should subsequently be examined for evi- 
dence of congenital, myocardial, endocardial and valvular 
pathology. Dimensions can be obtained and ventricular 
mass can be established; however, changes in myocardial 
mass can be difficult to interpret since myocardial mass 
will change in response to eccentric hypertrophy in the 
trained animal as well as in response to pathological 
chamber enlargement. In order to take into account 
changes in body weight it is usual to express changes in 
left ventricular mass in relation to either body weight or 
right ventricular mass. There is better correlation between 
left ventricular mass and right ventricular mass in the 
normal horse (r° = 0.71) than between left ventricular 
mass and body weight (r° = 0.19) in the normal horse 
(n = 37; I. M. Bowen, unpublished observations) and 
the ratio of right ventricle (free wall):left ventricle 
(including intraventricular septum) in the normal animal 
is 1:2.81 + 0.4 (reference range 1:1.98-3.63; n = 37). These 
figures are based on the weight of myocardial tissue after 
removal of the atria, pericardium and fat. In interpreting 
these data it is important to recognize that volume loading, 
induced by valvular pathology in the horse, creates 
chamber dilation, rather than thickening of the ventricular 
wall and in the same study there was no difference in left 
ventricular mass from horses with mild and moderate 
aortic insufficiency (n = 17), expressed either as ventricular 
mass, right ventricle:left ventricle or left ventricle:body 
weight. Therefore, cardiac dimensions may be a more reli- 
able method of documenting changes in cardiac size than 
ventricular weights. 
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PRIMARY MYOCARDIAL 
PATHOLOGIES 
( VMD) 


Primary myocardial disease occurs rarely in the horse; 
dilated cardiomyopathies are occasionally reported and 
are described in Chapter 19. Myocardial fibrosis has been 
associated with ventricular tachycardia, presumably due to 
disruption of the cardiac conduction system of the ventri- 
cle, but can also be detected as an incidental finding.’ The 
gross appearance of these changes are of discolouration 
within the myocardium, but are rarely specific to a particu- 
lar disease process (Fig. 4.2). 

In most cases a local ischemic event was assumed to be 
the primary disease process whereas a primary inflamma- 
tory aetiology has also been implicated.* However, as 
fibrosis is an end-stage process the primary disease process 
can be difficult to confirm. In a group of horses microem- 
boli from parasitic lesions were suspected based on statis- 
tical associations.* In human patients and animal models, 
fibrosis is associated with myocardial remodelling and 
this process is described below in more detail. Myocarditis 
is often a clinical diagnosis based on the presence of 
ventricular dysrhythmias with no apparent underlying 
cause, although viral and bacterial causes, including 
Streptococcus equi var equi, have been implicated;' however, 
in many cases the primary initiating cause is unknown. 
(® ET) 
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Figure 4.2 Gross post mortem appearance of intraventricular septum showing nonspecific pathology of the myocardium in a 
12-month-old colt that presented with lethargy and depression and was found to have multifocal ventricular tachycardia that 
was resistant to therapy. Histological examination showed a mixed pattern of inflammation, necrosis and fibrosis. No specific 


aetiology was identified. Picture courtesy of Dr Gayle Hallowell. 


Figure 4.3 Gross post mortem appearance of the left 
ventricle showing expansive subepicardial haemorrhagic mass 
in the right ventricular free wall and interventricular septum 
(arrows) from a 3-year-old Arab mare that was presented 
with signs of congestive heart failure. Histological 
examination confirmed the diagnosis of an intramyocardial 
haemorrhage, with fibrosis and a lymphocytic-plasmacytic 
infiltrate, although no cause was identified. 


Other primary myocardial pathologies are rare, although 
do occur sporadically (Fig. 4.3) and usually present clini- 
cally with cardiac dysrhythmias or signs of low cardiac 
output (see Chapter 19). ( ` CN) 


MYOCARDIAL REMODELLING 


In heart disease a range of mediators are produced in order 
to maintain normal cardiac function and ultimately tissue 
perfusion as described in Chapter 2. Although the benefi- 
cial physiological effects of these mediators are to main- 
tain cardiac function, they also result in remodelling of 
the myocardium to induce hypertrophy, dilation and 
fibrosis. In the normal animal the heart can undergo 
hypertrophy in response to training, resulting in chamber 
enlargement (dilation) and increases in ventricular wall 
thickness (eccentric hypertrophy).*° This form of cardiac 
chamber enlargement can be reversible, nonpathogenic 
and results in an improvement of cardiac function with a 
reduction in vascular resistance. It differs from pathologi- 
cal eccentric hypertrophy in terms of the signalling path- 
ways and vascular dynamics. Physiological remodelling is 
associated with an increase in mitochondria synthesis, 
increased contractile proteins, and increase in cardiac 
function without any increase in myocardial collagen 
content.’ Further details on cardiac responses to training 
are discussed in Chapter 3. 

Concentric cardiac hypertrophy (increase in ventricular 
wall thickness with no increase in lumen diameter) is 
uncommon in the horse and is usually seen in human 
patients with systemic hypertension but can also occur 
with animals that have aortic stenosis.” Cardiac remodel- 
ling is brought about in response to both biomechanical 
stress and neurohormonal mechanisms. In this form of 
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hypertrophy, it is known that biomechanical stress forces 
are transferred to the nucleus by cell membrane receptors 
and cytoskeletal proteins and result in activation of a range 
of cell signalling pathways. These are mediated by a range 
of mediators that become upregulated in cardiac failure 
(see Chapters 2 and 5) and include angiotensin II, aldos- 
terone, endothelin-I and B-adrenoceptor activation.’ These 
mediators appear to have a common final pathway leading 
to activation of gene expression leading to hypertrophy 
involving calcium-dependent activation of the intracellu- 
lar enzyme calcineurin.” 

In the horse, cardiac enlargement is usually seen 
secondary to valvular insufficiency. ( ` AF AR, IE, RCT, 
VMD) This results in volume loading of the cardiac cham- 
bers (increased preload) and cardiac dilation. The path- 
ways important in cardiac chamber dilation are different 
from those in hypertrophy and result in lengthening 
of the cardiomyocyte.” B-Adrenoceptor activation, angi- 
otensin and aldosterone may be important in the genesis 
of cardiac enlargement in both mitral and aortic valvular 
regurgitation"° and in the myocardial fibrosis that is 
reported in aortic valve regurgitation in people. Myocar- 
dial fibrosis is a risk factor for subsequent development of 
congestive heart failure and mortality in human patients 
with aortic valve regurgitation.’* Myocardial fibrosis is 
occasionally reported in horses*”’ although it has not been 
investigated extensively. In a study of 14 horses with aortic 
valve disease, there was no increase in myocardial col- 
lagen content (I. M. Bowen, unpublished observations). 
However, in other species, fibrosis is not consistently asso- 
ciated with increases in collagen content" and changes in 
extracellular matrix may be of importance in the prognosis 
of equine aortic valve regurgitation. 


VALVULAR PATHOLOGY 
( IE, RCT, VMD) 


In few cases, with the exception of infective endocarditis, 
are the inciting causes of valvular pathology truly under- 
stood. Valvular pathology is often described as an ageing 
related process caused by myxomatous degeneration of 
the valve. However the factors that initiate and continue 
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DEFINITIONS 


The term heart disease refers to any abnormality of the 
heart; whereas the term heart failure refers to a clinical 
syndrome characterized by congestion and oedema and/ 
or poor peripheral perfusion, either at rest or with exercise. 
If heart failure is severe enough to produce a marked 
reduction in cardiac output, systemic hypotension may be 
present also (cardiogenic shock). However, cardiogenic 
shock is rare in veterinary patients. Congestive heart failure 
(CHF) is a more specific term that refers to heart 
failure with congestion of one or more vascular beds. 
Although heart failure is the result of severe heart disease, 
heart disease may be present that does not lead to heart 
failure. 


MECHANISMS OF HEART FAILURE 


Heart failure is a clinical syndrome that can be caused by 
a variety of etiologies and mechanisms. The most common 
haemodynamic mechanism responsible for heart failure 
in horses is volume overload caused by valvular regurgita- 


© 2010 Elsevier Ltd. 
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tion or by a left to right shunt. However, myocardial systo- 
lic failure (reduced contractility) is also recognized in 
horses and may lead to heart failure. Less commonly heart 
failure is the result of impaired diastolic function as a 
result of inadequate cardiac filling in horses with pericar- 
dial disease. 

Regardless of the etiology or mechanism of heart failure, 
CHF is associated with two primary haemodynamic 
abnormalities: (1) increased ventricular filling pressures 
and (2) reduced cardiac output. Increased ventricular 
filling pressures are responsible for signs of congestion 
and oedema; whereas reduced cardiac output causes 
clinical signs of inadequate tissue perfusion. The haemo- 
dynamic abnormalities and resulting clinical signs that 
characterize heart failure are illustrated using ventricular 
function curves in Figure 5.1. 

Horses with left-sided failure have increased left ven- 
tricular filling pressures and subsequently increased left 
atrial and pulmonary venous pressures leading to pulmo- 
nary oedema. Thus, clinical signs may include tachypnea, 
dyspnea, coughing, haemoptysis and the appearance of 
frothy white or blood-tinged fluid at the nostrils. Horses 
with right-sided CHF have increased right ventricular 
filling pressures and subsequently increased right atrial 
and systemic venous pressures leading to peripheral 
oedema. Subcutaneous oedema in the dependent areas 
such as the ventral abdomen, the prepuce and the distal 
extremities is the most common manifestation of increased 
right-sided filling pressures. Jugular venous distension and 
pulsation may also be present. In horses, an increase in 
left-sided filling pressure frequently stimulates pulmonary 
vasoconstriction and pulmonary vascular remodelling, 
changes that result in secondary right-sided heart failure. 
Thus, in some horses, systemic oedema and jugular 
distention may be the first clinical signs of chronic left- 
sided heart disease. Reduced cardiac output causes clinical 
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Figure 5.1 A ventricular function curve (Starling curve) from 
a normal animal (top curve) and from an animal with 
myocardial systolic failure (bottom curve). The dashed vertical 
line in the centre represents the upper limit of normal 
preload (normal ventricular filling pressure). The dashed 
horizontal line represents the lower limit of normal cardiac 
output. A horse with valvular regurgitation (volume overload) 
and normal myocardial contractility is likely to have an 
operating point on the upper curve and will, therefore, have 
either no clinical signs or signs of circulatory congestion 
(oedema). However, a horse with valvular regurgitation and 
reduced contractility is likely to have an operating point in 
the lower right quadrant of the graph. Thus, a horse in this 
situation is quite likely to have clinically apparent oedema in 
addition to signs of hypoperfusion. 


signs referable to poor tissue perfusion, namely fatigue, 
weakness, exercise intolerance, cold extremities, prolonged 
capillary refill and hypothermia. With the exception of 
exercise intolerance and fatigue, these signs are not 
likely to become apparent until heart failure has become 
severe. Laboratory evidence of reduced cardiac output 
includes reduced venous oxygen tension in patients that 
are not hypoxaemic or anaemic as well as azotaemia 
and lactic acidosis if cardiac output is markedly decreased. 
( AE PC, VMD) 


ONSET OF CLINICAL SIGNS OF 
HEART FAILURE 


Because horses are performance animals, exercise intoler- 
ance and fatigue are often the first clinical signs of cardiac 
disease. However, sedentary or unobserved horses with 
chronic heart failure may present initially with signs of 
congestion and oedema due to compensatory mecha- 
nisms that induce sodium and water retention. Patients 
with severe chronic heart failure may have signs of conges- 
tion and poor perfusion at rest although this is not 
common. 
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SECONDARY COMPENSATORY 
MECHANISMS 


In an attempt to maintain circulatory homeostasis in 
animals with chronic heart failure, the body responds to 
a reduction in cardiac output by activation of several neu- 
roendocrine compensatory mechanisms. These neuroen- 
docrine systems include stimulation of the sympathetic 
nervous system, activation of the renin-angiotensin- 
aldosterone system, enhanced secretion of arginine vaso- 
pressin (antidiuretic hormone) and increased circulating 
levels of endothelin’? (Chapter 2). The overall effects 
of these compensatory mechanisms are sodium reten- 
tion, antidiuresis and vasoconstriction. Therefore, these 
neuroendocrine mechanisms are actually responsible 
for many clinical manifestations of the heart failure 
syndrome. Activation of neural and hormonal pathways 
also contributes to patient mortality by initiating several 
deleterious, self-perpetuating cycles: 


(1) Venoconstriction and the antidiuresis augment the 
already increased ventricular filling pressures, thereby 
exacerbating circulatory congestion and increasing 
extravascular coronary resistance. 

Constriction of arterioles together with increased 
vascular stiffness from accumulation of Na* and 
water in blood vessel walls increases outflow 
impedance which, in turn, reduces stroke volume 
and increases the myocardial oxygen demand. 


(2 


= 


The circulatory system is equipped with several counter- 
regulatory systems that also become activated in patients 
with CHE and these counter-regulatory systems reduce or 
moderate the effects of the compensatory vasoconstrictor, 
antidiuretic and myocardial growth-promoting systems. 
Specifically, these systems include secretion of natriuretic 
peptides, increased production of vasodilating prostaglan- 
dins, stimulation of peripheral baroreceptor reflexes and 
increased myocardial synthesis of endothelium-derived 
relaxing factors (EDRF),’ including endothelium-derived 
nitric oxide. 

The prostaglandins PGE, and PGI, are endogenous 
vasodilators, and a three- to tenfold increase in circulating 
levels of these hormones has been documented in people 
with heart failure.* In fact, the magnitude of the elevation 
of these prostaglandins has been directly correlated to the 
circulating concentration of angiotensin II, suggesting that 
the body attempts to maintain circulatory homeostasis by 
balancing vasoconstrictor and dilator mechanisms. Any 
change in cardiac performance that increases atrial pres- 
sure will be detected by stretch receptors in the walls of 
the atria and ventricles producing a release of atrial natriu- 
retic peptide (ANP) and brain natriuretic peptide from 
the atrial and ventricular myocytes, respectively.” Once 
released into the circulation, these peptide hormones exert 
potent direct vasodilator and natriuretic effects on the 


vasculature and kidneys. ANP and BNP also antagonize 
the effects of the renin-angiotensin-aldosterone system 
by suppressing the formation of renin and aldosterone. 
Because the body has vasodilator, diuretic and anti- 
growth mechanisms acting systemically and locally 
(within the myocardium) to balance deleterious compen- 
satory events, it would seem that circulatory homeostasis 
would be achieved and maintained. While it is believed 
that this balance of forces actually does occur in early, 
subclinical stages of heart failure, the balance of neuroen- 
docrine and local forces apparently becomes disrupted 
during the development of overt symptomatic CHF?" 
Very early after the occurrence of a cardiac lesion, circu- 
latory homeostasis is achieved as a result of normally 
functioning arterial and atrial baroreceptors, secretion of 
natriuretic peptides, and local production of prostagland- 
ins and nitric oxide. During this early stage of heart failure, 
cardiac output is normally distributed, there is normal 
systemic vascular resistance and there is normal sodium 
balance as long as the patient is at rest. If cardiac function 
deteriorates, there is a greater decrease in renal perfusion 
and a greater increase in cardiac work, leading to excessive 
activation of the vasoconstrictive, antidiuretic and deleteri- 
ous cardiac remodelling forces. Deleterious positive feed- 
back cycles become initiated. With persistence of cardiac 
dysfunction and activation of deleterious self-perpetuating 
events, renal perfusion becomes so severely compromised 
that natriuretic peptides and prostaglandins become 
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INTRODUCTION 


Normal electrical excitation via the specialized conduction 
pathway within the heart is essential for coordinated myo- 
cardial contraction and relaxation. Control of the systemic 
homeostatic mechanisms alters heart rate in order to 
maintain an appropriate cardiac output, and may also 
affect cardiac rhythm. Recording of the depolarization and 
repolarization of excitable cells is the basis for understand- 
ing the electrophysiological properties of the heart which 
are required for normal cardiac function. Although our 
understanding of arrhythmogenesis is far from complete, 
a knowledge of the electrophysiology of cardiac cells is 
fundamental to an appreciation of the factors which lead 
to abnormal cardiac rhythm. 


RECORDING ELECTRICAL EVENTS 
IN CELLS 


The depolarization process can be detected at different 
levels by intracellular electrodes, intracardiac electrodes 
and by electrodes placed on the body surface.'” 


© 2010 Elsevier Ltd. 
DOI: 10.1016/B978-0-7020-2817-5.00011-0 


Intracellular electrodes have been used to demonstrate 
the potential difference across the cell membrane, and to 
record the change in this potential difference which occurs 
during depolarization and repolarization.’ Using this 
method, it is possible to detect differences in transmem- 
brane potentials in specialized tissues, to understand the 
differences and similarities in the electrophysiological 
properties of different tissues. Furthermore, it is possible 
to predict the changes in cell depolarization and repolari- 
zation which may result from altered electrolyte levels, 
drugs and, to some extent, myocardial disease.’ 

A method to obtain an approximation of the transmem- 
brane voltage in vivo is to record the monophasic action 
potential (MAP)? (Fig. 6.1). Using a catheter with special 
electrodes at the tip, introduced transvenously into right 
atrium or right ventricle, the MAP can be recorded when 
the catheter tip makes close contact with the myocardium. 
The orientation of the catheter tip relative to the myocar- 
dium is important when interpreting the morphology of 
MAP recordings.’ Therefore, it has been suggested that 
results of contact MAP recordings should only be used to 
determine action potential duration (APD).* Determina- 
tion of the APD is a useful parameter to study the effect 
of drugs on cardiac electrophysiological characteristics. 

Intracardiac electrodes have also been used to detect the 
depolarization and repolarization of each tissue in the 
conduction network and therefore to determine the timing 
and duration of the activation process. This technique was 
used to demonstrate the different depolarization processes 
in different species.’ Intracardiac electrodes, introduced 
transvenously, provide a relatively easy way to record atrial 
and ventricular electrograms in horses (see Chapter 14). 

The surface electrocardiogram (ECG) records the poten- 
tial difference between selected points on the body surface. 
It allows us to detect changes in the electrical field which 
is built up around the heart during depolarization and 
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Figure 6.1 A right atrial monophasic action potential (MAP) recording in a healthy horse, using a transvenously inserted 


catheter, shows the action potential duration (APD). 


repolarization. Although the body surface ECG depends 
on the sum of electrical forces and their conduction to the 
skin, it does allow clinicians to determine the heart rhythm 
and, with experience built up over many years of studies, 
to identify certain disease processes that are associated 
with specific ECG changes.° 


CELLULAR PHYSIOLOGY 


All myocytes possess the properties of excitability, refrac- 
toriness and conductivity. Like nervous tissue, individual 
cardiac cells exhibit the all-or-none phenomenon - that is 
once threshold is reached they are completely activated by 
an action potential. The cells can therefore be described as 
excitable. Once the action potential is initiated, cells cannot 
be depolarized again until they have returned to the 
resting potential following repolarization. This property of 
refractoriness ensures that all cardiac cells have a period 
after activation during which no level of further stimulus 
will cause an action potential. This prevents heart muscle 
developing a tetanic spasm, which would prevent relaxa- 
tion and filling of the chambers, and helps to maintain an 
organized pattern of depolarization. Myocytes also possess 


60 


the ability to conduct a stimulus for depolarization to their 
neighbours. Atrial and ventricular myocytes form two syn- 
cytia within which excitation passes from cell to cell 
through intercalated discs. Other tissues within the heart 
have specialized conductivity properties so that they 
conduct the impulse along a network either slowly (atrio- 
ventricular node) or rapidly (e.g. Purkinje fibres). While 
the atrial and ventricular myocytes have contractile func- 
tion, the cells of the specialized conducting network have 
no contractile protein. 

The electrophysiological features of myocytes result 
from specific properties of the cardiac cell membrane.' 
Like all living cells, the inside of cardiac cells has a nega- 
tive electrical charge compared to the outside of cells due 
to an accumulation of negatively charged ions. This 
voltage difference across the cell membrane is called the 
transmembrane potential, which is about —80 to —90 mV. 
All cells have a very high intracellular concentration of 
potassium and low levels of sodium and calcium. For 
most cells this situation remains unaltered throughout 
their lives. However, excitable cells like cardiac cells have 
tiny pores or channels in the cell membrane. Upon appro- 
priate stimulation, these channels open and close in a 
predefined way to allow specific ions to move across the 
cell membrane. This movement of ions results in changes 
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Figure 6.2 Diagrammatic representations of the phases of 
the action potential in ventricular myocardial cells (A) and 
pacemaker cells (B). In the ventricular myocardial cell, the 
resting potential (-90 mV) is greater than that of the 
pacemaker cell (-60 mV). The depolarization phase (phase 0) 
is faster in ventricular cells where it is carried by inward 
movement of sodium ions compared to the pacemaker cells 
where it is due to movement of calcium ions. Phase 4 is 
steepest in pacemaker cells, increasing the rate of 
automaticity. 


in the transmembrane potential, from —90 mV to about 
+20 mV (depolarization), and finally back to -90 mV 
(repolarization). A graphical presentation of these changes 
in transmembrane potential is known as the action poten- 
tial (Fig. 6.2). The currents, and thus the morphology of 
the action potential, vary in different tissues and deter- 
mine the different properties of each specialized cell. Also, 
changes in extracellular ion concentrations, disease and 
drugs may influence the action potential of the cells." 
The action potential can be divided into five phases, 
0-4" (see Fig. 6.2). However, it is more practical to con- 
sider the action potential in terms of three general phases: 
depolarization, repolarization and resting phase. 


Depolarization 


Phase 0 represents the depolarization process, and begins 
once a cell has reached a certain potential (the threshold 
potential), spontaneously in the case of pacemaker cells or 
as a result of depolarization of adjacent cells in the case 
of conduction pathway and myocardial cells. The upstroke 
of the cardiac action potential in atrial and ventricular 
muscle and His-Purkinje fibres is due to a sudden increase 
in membrane conductance to Na’, resulting in a massive 
Na* influx into the cell. The rate at which the depolariza- 
tion occurs (slope of phase 0) is a determinant of the 
conduction velocity for the propagated action potential. 


In the slower conducting pacemaker tissues of the 
sinoatrial (SA) and atrioventricular (AV) nodes, the resting 
potential of the cell membrane is less negative (around 
-60 mV) than in nonpacemaker cells. This results in a 
decreased rate of phase O depolarization and relatively 
slow conduction in pacemaker tissues.’ In these cells, the 
contribution of the fast inward current usually carried by 
sodium is small, and the relatively slow depolarization 
process is largely due to movement of calcium ions. Con- 
sequently, these tissues are relatively sensitive to changes 
in calcium concentration.’ 


Repolarization 


Once a cell is depolarized, it cannot be depolarized again 
until the cell has first recovered by restoring the initial ion 
gradients and thus by regaining its polarized state. This 
recovery process is called the repolarization process and 
roughly corresponds to phases 1-3 of the action potential. 
Because during these phases the cell cannot be excited 
again, this period is called the refractory period and 
corresponds to the width of the action potential. 
Consequently, cardiac myocytes do not undergo contrac- 
tion (i.e. tonic contraction). Although tonic contraction 
is indeed very important for the normal physiology of 
skeletal muscle, it would have fatal consequences if it 
were present in the heart. 

The repolarization phase starts with the early rapid 
repolarization phase (phase 1) which shows as a relatively 
small but sharp drop in potential towards 0 mV, partly 
owing to inactivation of sodium current or activation of 
an outward potassium current. 

This phase is immediately followed by the plateau 
phase (phase 2) which may last several hundred of milli- 
seconds. During this period, membrane conductance to 
all ions falls to rather low values, with a complex inter- 
action of ion movements involving sodium, potassium, 
magnesium and chloride, and in particular an inward 
L-type calcium current. These channels, especially the 
latter, interrupt the repolarization process and prolong 
the action potential. As such, the action potential duration 
(APD), and therefore the refractory period, is predomi- 
nantly determined by the balance between the inward 
and outward currents during the plateau phase, which 
have a very important role in the generation of some 
arrhythmias.” 

After the plateau phase, the final rapid repolarization 
(phase 3) takes place due to a series of potassium currents 
out of the cell. In order to maintain the concentration 
gradients, sodium is pumped out of the cell in exchange 
for potassium, resulting in a return of the membrane 
potential towards the resting level (phase 4)."° During this 
final recovery process, the cardiac myocyte gradually 
regains excitability. This means that the cell is not excitable 
during phase 1, phase 2 and the beginning of phase 3, 
regardless of the magnitude of the stimulating impulse. 
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This period is called the absolute refractory period (ARP). 
As the cell repolarizes, it once again becomes excitable. 
However, there is a period of time during which the cell 
can only be excited by a large current. This period is 
known as the relatively refractory period (RRP). 


Resting phase or 
diastolic depolarization 


Under normal conditions, membrane potential of atrial 
and ventricular muscle cells remains steady at around 
—90 mV throughout diastole (phase 4). However, in certain 
specialized conducting cells or due to leakage of ions 
across the cell membrane, the resting membrane potential 
does not remain constant in diastole but gradually depo- 
larizes. This spontaneous diastolic depolarization may 
reach threshold potential (around —60 mV) by itself and 
produce an action potential, a characteristic called automa- 
ticity.° The rate of this change in potential is mainly deter- 
mined by a time-related change in membrane potassium 
or sodium permeability. It is influenced by autonomic 
tone, electrolytes, drugs and disease. The steeper the slope 
of phase 4, the faster the rate of automaticity. Phase 4 is 
steepest in SA nodal cells. However, the AV node and 
junctional tissue also have automaticity and will take over 
as pacemaker if the SA node fails to depolarize. In some 
disease states, Purkinje tissue may also act as a pacemaker, 
and abnormal automaticity may occur in other cells.”* The 
action potentials of a ventricular and pacemaker cell, 
showing phases 0-4, are shown in Figure 6.2. Compared 
to the action potential of a ventricular or Purkinje fibre 
cell, the sinoatrial and atrioventricular nodal cells have a 
slow depolarization phase (phase 0). This slower depolari- 
zation phase occurs because of a lack of rapid sodium 
channels responsible for the rapid depolarization phase. 
The sinoatrial and atrioventricular nodes are mainly 
dependent on the slow calcium channel for depolariza- 
tion. Because of the slower rate of depolarization, the 
sinoatrial and atrioventricular nodes conduct electrical 
pulses slowly. For the atrioventricular node this slow 
conduction is reflected on the surface ECG as the PR 
interval. 


Innervation of the heart 


The cardiovascular system is under the control of both 
neuronal and humoral components of the autonomic 
nervous system, acting both on the heart and on the 
peripheral vasculature. 

The heart is innervated by the sympathetic and the para- 
sympathetic nervous system. Parasympathetic fibres are 
carried in the vagus nerve and their discharge results in a 
depressed automaticity (slower heart rate), decreased con- 
duction velocity and increased refractory period. This 
effect is mediated by the release of acetylcholine at nerve 
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endings, which affects the membrane potential of pace- 
maker cells,° particularly in the SA node and, in horses, in 
the AV node. The sympathetic nervous system acts on the 
heart via the release of adrenaline and noradrenaline. This 
results in an increased automaticity, an increased conduc- 
tion velocity, a shortened refractory period (cells recover 
more quickly and permit a higher rate of stimulation) and 
an increased myocardial contractility. The subcellular 
effect of these hormones is largely due to effects on 
contractile proteins; however, they also affect trans- 
membrane potentials and alter cardiac rhythm in some 
circumstances.*" 


The conduction process 


The conduction process follows a predictable pathway in 
the normal heart, leading to a coordinated contraction 
of atrial and then ventricular muscle (Fig. 6.3). An 
impulse spreads from the SA node, across the atria, to 
the AV node. Conduction occurs along specialized fibres 
(internodal tracts); however, the impulse also leads to 
contraction of atrial muscle. The electrical activity associ- 
ated with depolarization of this muscle mass results in a 
sufficiently large electrical field for it to be detected on a 
body surface ECG as a P wave (see Fig. 6.3A). The precise 
location of impulse formation within the SA node and 
the pattern of depolarization across the atria can be influ- 
enced by heart rate and autonomic tone, which can result 
in a different configuration of P waves (wandering pace- 
maker) even though the SA node remains the source of 
the impulse.’ 

When the impulse reaches the AV junction it finds a 
barrier to further spread. The specialized cells of the AV 
node conduct the impulse slowly. Because only a small 
number of cells are depolarized, no deflection is seen on 
the surface ECG. This period is represented by the P-R 
interval (see Fig. 6.3B). Conduction through the AV node 
is profoundly affected by vagal tone in the horse. Even in 
normal animals, conduction is often sufficiently slowed or 
reduced in amplitude to result in a marked reduction in 
the normal rate of conduction (first-degree AV block), 
or complete abolition of further spread of the impulse 
(second-degree AV block).'’ ( AR, EA) 

When the impulse passes through the AV node it is 
rapidly conducted through the bundle of His and the 
Purkinje network to the ventricular myocardium. Depo- 
larization of the ventricles is rapid and results in a 
coordinated contraction. Depolarization of the Purkinje 
network is not detected on the body surface ECG; however, 
depolarization of the myocardium results in substantial 
electrical forces, the net result of which produce the QRS 
complex on the surface ECG (Fig. 6.3C). 

Each cell within the heart repolarizes after depolariza- 
tion. The sum of the repolarization processes within the 
heart can be detected at the body surface in the same way 
as the electromotive forces of depolarization. Ventricular 
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Figure 6.3 Diagrammatic representations of the cardiac conduction system and the relationship of the spread of conduction 
to the surface ECG. (A) Conduction is initiated in the pacemaker within the right atrium and spreads through the atria, 
represented by the P wave. (B) Conduction is delayed at the atrioventricular node, represented by the P-R interval. (C) The 
wave of depolarization is rapidly conducted through the bundle of His and Purkinje network, represented by the QRS complex. 
Subsequent ventricular repolarization is represented by the T wave. 


repolarization is seen as the T wave. The change in electri- 
cal field caused by atrial repolarization (atrial T wave or 
Ta wave) may or may not be seen.° 

In conclusion, deflections on the surface ECG are caused 
by atrial or ventricular myocardial depolarization. Depo- 
larization of the sinus node or atrioventricular node does 
not result in any deflection. The slow conduction through 
the atrioventricular node produces the (flat) PR interval. 
Identification of the characteristic waveforms allows a cli- 
nician to detect when depolarization and repolarization 
of the atria and ventricles has occurred. The timing of the 
waves, the relation between the different waves, and the 
morphology and duration of the complexes and intervals 
allows deduction of the origin and conduction pathway 
of the impulse (see Fig. 6.3). 


The cardiac electrical field 


During the depolarization and repolarization processes, 
different currents are flowing across the cell membrane at 
various points, and a potential difference will be present 
between one part of the cell and another. When current is 
flowing, an external electrical field is set up around the cell, 
which can be described as acting as a dipole. However, 
when the cell is depolarized, or repolarized at a resting 
potential, no electrical field is formed around the cell 


because no current is flowing, despite the potential differ- 
ence between the inside and outside of the cell. Each 
myocyte forms its own electrical field, but the electrical 
effects summate to produce an electrical field around the 
whole heart which, in simplified terms, can then be 
regarded as a single dipole.‘ 


RECORDING OF CARDIAC 
ELECTRICAL ACTIVITY 


The surface ECG 


The changes in the electrical field around the heart can be 
detected by a galvanometer attached to the body surface, 
which records the potential difference between two elec- 
trodes. The link between a positive and negative electrode 
is called a bipolar lead. An ECG records the potential dif- 
ference between electrodes placed at various points on the 
body surface, which reflects the sum of all the electrical 
fields which are present at any one time. The points at 
which the ECG electrodes are placed are chosen to repre- 
sent electrical changes in the heart; however, a number of 
other factors also affect the potential difference between 
different areas of the body. The position of the heart 
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Figure 6.4 Diagrams of vectors of 
depolarization. (A) If current is 
flowing towards the positive 
electrode a positive deflection is seen 
on the ECG. (B) If the vector is 
directed away from the positive 
electrode a negative deflection is 
recorded. (C) If the current flows 
along an axis which is oblique to the 
positive electrode but towards it, a 
smaller positive deflection is 
detected. (D) If the vector o 
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within the body, the course of the spread of activation 
within the heart, the shape of the thorax, the conductivity 
of tissues between the heart and the electrodes, and the 
exact location of the body surface electrodes all affect the 
body surface ECG.'7 


The concept of cardiac vector 


The surface ECG reflects the combined effects of all the 
electrical activity of the heart. The sum of the electromo- 
tive forces has a direction and magnitude, which is termed 
the cardiac vector. The ECG voltmeter will have a positive 
deflection if the net direction of overall activity (vector) is 
towards the positive electrode of a bipolar lead, and a 
negative potential if it is away from it (Fig. 6.4). The 
voltage recorded will be largest when the vector is directly 
towards the positive electrode. If the direction of the 
maximum potential difference is at an angle to the lead 
axis, the deflection will be smaller. If the electrodes are 
positioned perpendicular to the vector of electromotive 
force, no potential difference will be detected. The ampli- 
tude of the deflection indicates the magnitude of the 
vector and is proportional to the mass of myocardial tissue 
which is depolarized. 


ECG lead systems 


Over the years, a number of lead systems have been devel- 
oped to record the cardiac electrical field.*'”'* (Fig. 6.5). 
The aim of these systems is to clearly record each of the 
waveforms and complexes so that the conduction process 
can be evaluated, and also to gain some information 
about the direction and magnitude of the cardiac vector. 
Einthoven’s triangle is a lead system that looks at the 
combined electrical activity which reaches the body 
surface in the frontal plane, in which the heart is assumed 
to sit in the centre of a triangle formed by the two fore- 
limbs and the left hind limb.° This system, which is com- 
monly used in small animals and humans, can also be 
used in horses, and provides useful information about 
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depolarization is perpendicular to the 


© axis of the electrodes there is no 
deflection recorded. 


cardiac rhythm and conduction. Other systems have also 
been designed to accommodate the fact that, in horses, 
the heart does not sit in the centre of a triangle formed by 
the limbs. These systems assess the cardiac vector in three 
dimensions by measuring the electrical field in three 
semiorthogonal planes.” 

Standard bipolar leads are recorded as follows: lead I is 
between the left arm electrode (—) and the right arm elec- 
trode (+); lead II is between the right arm electrode (—) 
and the left foot electrode (+) and lead III is between the 
left arm electrode (—) and the left foot electrode (+). For 
the augmented unipolar leads the positive exploring elec- 
trode (right arm for aV; left arm for aV, and left leg for 
aV;) is compared with the remaining two electrodes (-). 

The base-apex lead (see Fig. 6.5) is most frequently used 
for recording rhythm strips. To record a base-apex lead 
the left arm electrode (+) is positioned at the cardiac apex, 
and the right arm electrode (—) is placed two thirds of 
the way down the right jugular groove or at the top of the 
right scapular spine. The third electrode is placed at any 
site remote from the heart. Lead 1 is selected to record 
the ECG. 

For the Y lead the right arm electrode (—) is attached 
over the manubrium sterni and the left arm electrode (+) 
over the xiphoid process of the sternum. The third elec- 
trode is placed at any site remote from the heart. Lead 1 
is selected to record the ECG. 

Durations of the ECG components in normal horses are 
listed in Table 6.1. 


The ventricular 
depolarization process 


It is very important to realize that the ventricular depolari- 
zation process is different in horses compared with human 
beings and small animals.*'*’ In human beings and small 
animals, the Purkinje network carries the impulse to the 
subendocardial myocardium, and depolarization then 
spreads out from the ends of the fibres, through the 
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Figure 6.5 Sites for lead placement 
for obtaining a base-apex 
electrocardiogram (A, B) in a horse. 
The black circles represent the site of 
attachment for the electrodes. (A) 
Position of the electrode placement 
on the right side of the horse for 
obtaining a base-apex ECG using the 
electrodes from lead |. RA, right arm; 
RL, right leg. (B) Position of the 
electrode placement on the left side 
of the horse for obtaining a 
base-apex ECG using the electrodes 
from lead |. LA, left arm. 
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Table 6.1 Durations of electrocardiographic complexes 
and intervals in the base-apex lead in normal horses 


NO. OF SMALL 


DURATION BOXES (PAPER 


(S) SPEED 25 MM/S) 


P wave 


P-R interval 


QRS complex 


Q-T interval 


myocardium, to the subepicardial layers in a series of 
wavefronts.’ Because the left ventricle is the most substan- 
tial muscle mass in the normal animal, the sum of the 
electromotive force is primarily directed towards the left 
apex, resulting in a large R wave in lead II.° The main 
cardiac vector is altered when there is considerable change 
in the relative proportions of the left and right ventricles. 
The changes can be simplified into an average of the 
cardiac vector in the frontal plane known as the mean 
electrical axis (MEA).° In human beings and small animals, 
the duration of the QRS complex may be prolonged when 
the left ventricle is enlarged, because the wavefront takes 
longer to spread throughout the myocardium.® The ampli- 
tude of the R wave in lead II may also be increased as a 
result of the increased muscle mass.° However, although 
ECG changes are relatively specific for enlargement of the 
left or right ventricles, they are relatively insensitive. 

In the horse, the depolarization process differs from that 
described above because of the very widespread distribu- 
tion of the Purkinje network.”’® The fibres extend through- 
out the myocardium, and ventricular activation takes 
place from multiple sites. The electromotive forces there- 
fore tend to cancel each other out and, consequently, no 
wavefronts are formed. Because the surface ECG represents 
the sum of the electromotive forces within the heart, the 
overall effect of the depolarization of most of the left and 
right ventricles on the ECG is minimal. Most electrical 
activity seen at the body surface results from depolariza- 
tion of the basal interventricular septum and part of the 
left ventricular free-wall.° A wavefront spreading towards 
the heart base is responsible for this last part of ventricular 
activation, so the cardiac vector is directed dorsally and 
cranially with respect to the body surface. Frontal plane 
MEA or the cardiac vector in the orthogonal systems are 
therefore of very limited value in horses.” In addition, the 
duration of the QRS complex does not depend on the 
spread of a wavefront across the ventricles, and is therefore 
not necessarily related to their size.'* Equine ECGs still 
give useful information about heart rate and rhythm, but 
provide very little or no information about the relative or 
absolute sizes of the ventricles.’” 
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Intracavitary electrogram recording 


Intracardiac electrograms of right atrium and ventricle can 
be recorded using a temporary pacing catheter (or perma- 
nently implanted lead in case of pacemaker implanta- 
tion), introduced via the jugular vein, with one or multiple 
electrodes located at the catheter tip. Once the electrode 
is entered in the atrium or ventricle, atrial and ventricular 
electrograms can be recorded. The technique is discussed 
in more detail in Chapter 14. 


CLASSIFICATION AND MECHANISMS 
OF DYSRHYTHMOGENESIS 


Dysrhythmias are classified according to the cardiac struc- 
ture in which they originate, their rate, and the mechanism 
responsible for their production. Arrhythmogenesis can 
be defined either as abnormal impulse generation or as 
abnormal conduction of the impulse from the SA node. 

The mechanism by which arrhythmias are generated is 
a field of active research in human medicine, and greater 
understanding of their “electropathogenesis” should help 
in directing treatment. In general terms, arrhythmias can 
develop as a result of damage to a few localized cells which 
act as a focus of abnormal depolarization, or which affect 
specialized cells within the conduction pathway, or may 
affect most myocytes.”* Whatever the form of damage (cell 
death, fibrosis, ischaemia, hypoxia), there are likely to be 
changes in the membrane properties which govern the 
electrophysiology of the cells.’ The active function of the 
cell membrane in maintaining electrolyte balance inside 
and outside the cells is reduced, resulting in a reduced 
negative resting potential, a slow phase 0 depolarization 
action potential and a reduced duration of the plateau 
phase.” The significance of these effects depends on 
which cells are affected, and any drugs or electrolyte 
abnormalities which are present at the same time. In addi- 
tion, the autonomic nervous system may have an effect on 
normal and abnormal rhythms. 

In horses, some arrhythmias are common in normal 
animals because of the high vagal (parasympathetic) tone 
in this species.’’ Therefore arrhythmias must also be dis- 
tinguished as being due to normal variation in autonomic 
tone (“physiological” arrhythmias), or as arrhythmias 
which occur because of valvular, myocardial or systemic 
disease. ( ` AF AR, EA, SFP, VMD, VT) 


Failure of impulse generation 


Failure of sinoatrial nodal automaticity, resulting in an 
insufficient number of impulses emanating from the 
sinoatrial node, results in bradyarrhythmias. Symptoms 
occur when the resultant heart rate is insufficient to meet 
the body's demands. If sinus slowing is profound, subsidi- 
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ary pacemakers can take over the pacemaker function of 
the sinus node. 


Conduction disturbances 


Although it is intuitive that conduction block can cause 
bradyarrhythmias, conduction abnormalities are also 
important in the generation of tachyarrhythmias.”*'*” 
Conduction disturbances can be functional or structural 
in origin. In either case, the conduction velocity of the 
myocardium is affected by the amplitude of the action 
potential, the rate of phase 0 depolarization, the threshold 
potential and internal and external electrical conduct- 
ances.”*'° These combine to affect the cable properties 
of the myocardium, and the electrotonic currents that 
propagate the impulse, which are the key determinants 
of conduction velocity. Although these properties are 
different from the ionic fluxes across the cell membrane 
that result in the action potential, they are dependent 
on them.'*”° 

Areas of slow conduction are common where myocytes 
are affected by disease, electrolyte abnormalities, drugs 
and toxins. Frequently the slow conduction results in cells 
being partially depolarized. The action potential of 
affected ventricular and atrial cells becomes similar to 
pacemaker cells under such conditions.” Once an impulse 
emerges from an area of slow conduction, normal propa- 
gation occurs. This means that there is heterogeneity of 
myocyte depolarization, and the wavefront effect of a 
propagating impulse within the atria or ventricles is lost. 
On occasions an impulse is completely blocked. However, 
the block may last a short period and later the tissue 
becomes able to be depolarized once more, or the block 
may be unidirectional. Unidirectional block is a normal 
phenomenon at the AV node; however, if it occurs within 
the atria or ventricles it can lead to the development of 
re-entry circuits (see below).”*”"*' Slowed conduction can 
be both physiological and pathological and can result 
both in bradyarrhythmias and tachyarrhythmias. 


Bradyarrhythmias 


The SA and AV nodes are the most sensitive areas to (phys- 
iological) functional block because the speed of conduc- 
tion is largely dependent on calcium channel currents.’ 
Parasympathetic tone inhibits calcium channel opening 
and reduces the speed of conduction, while B-adrenergic 
agonists increase these currents. The release of acetylcho- 
line from parasympathetic nerve endings at the SA node 
also affects potassium ion channels resulting in hyperpo- 
larization of the tissues, and release of inhibitory factors 
which reduce the inward pacemaker current and slow 
conduction. 

Functional block resulting in bradyarrhythmias is 
common in horses because of high vagal tone. If SA node 
discharge is affected, they result in sinus bradycardia, sinus 


block or arrest. The distinction between block and arrest 
is largely academic because it is unclear whether an 
impulse is formed but fails to escape from the node or 
whether its formation is depressed. In horses, increased 
vagal tone results in a delay in conduction through the AV 
node much more commonly than it causes sinus brady- 
cardia. A variation in the P-R interval is so common that 
it is difficult to define first-degree AV block. However, 
second-degree AV block is found in around 20% of horses, 
and is probably more common than this in undisturbed 
animals.'’ It has been shown that when arterial blood 
pressure reaches a certain level an episode of second- 
degree AV block may occur.“ The blocked beat results in 
a reduction in arterial pressure, followed by a gradual 
increase in the arterial pressure with each subsequent beat 
until the same maximum pressure level is reached and 
second-degree AV block occurs again. This “staircase 
effect” appears to be a normal homeostatic mechanism to 
control blood pressure. ( ^ AE AR, EA, RSD, VSD) 

Variation in vagal tone can also cause sinus arrhythmia, 
in which there is a cyclical alteration in sinus rate, or a 
wandering pacemaker, when the exact site of formation of 
the impulse in the SA node and/or its conduction through 
the atria varies, altering P wave morphology. Sinus 
arrhythmia is not very common at rest, but is frequently 
found during the recovery period after exercise when there 
is a change from sympathetic to vagal tone.” Extreme 
postexercise bradycardia and syncope has been reported 
in a horse and was treated with the implantation of a 
dual-chamber rate-adaptive pacemaker.” 

Structural abnormalities affecting conduction through 
the AV node and major conduction pathways are rare in 
horses. Third-degree AV block has been reported rarely”**” 
and the precise cause is seldom identified. Bundle branch 
block is extremely uncommon and may also be difficult 
to recognize in horses due to their ventricular depolariza- 
tion pattern. 


Tachyarrhythmias 


The normal conduction network relies on predictable pat- 
terns of depolarization and repolarization, which ensures 
that the impulse dies out once it reaches the epicardium 
and that a new sinus impulse is required to cause another 
ventricular depolarization. This relies on wavefronts 
meeting in ventricular myocardium and being surrounded 
by refractory tissue. Localized abnormalities in conduc- 
tion velocity can result in re-entry mechanisms which are 
responsible for many supraventricular and ventricular 
tachyarrhythmias.”*””?> The development of a re-entry 
circuit requires areas of slow conduction and unidirec- 
tional block (Fig. 6.6). The unidirectional block allows a 
circuit loop to develop, and slow conduction allows an 
impulse to take a long time to reach isolated areas of tissue 
which have had time to cease to be refractory. The area of 
conduction abnormality will seldom be uniformly spread 
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Figure 6.6 A Schmitt/Erlanger diagram of re-entry. (A) An 
area of complete block prevents a circuit loop developing. 
(B) If a portion of myocardium has slow conduction it can be 
refractory to an initial stimulus, but has become able to be 
depolarized by the time an impulse is conducted to it via 
another route (unidirectional block), allowing a re-entry 
circuit to develop. 


through the myocardium. Classically, re-entry pathways 
can be formed where the Purkinje fibres meet myocardial 
cells. Branching fibres insert along the length of the myo- 
cardial cells, so if an area of unidirectional block exists at 
a critical site it is possible for an impulse to circle around 
the anatomical loop (see Fig. 6.6). The same mechanism 
is thought to occur in many species. This may result in 
a premature depolarization following a sinus beat, or if 
the circuit persists it can cause tachycardias. In some cases 
the formation of the re-entry circuit is dependent on the 
timing of the initiating impulse. Sinus beats may allow 
sufficient time for repolarization of all the tissue in the 
loop and elimination of the area of block; however, a 
premature depolarization may initiate the re-entry mecha- 
nism because some cells are still refractory.”* 

A similar form of re-entry can result from a wide varia- 
tion of states of refractoriness within the atrial or ventricu- 
lar syncytium, in cells with normal diastolic potentials and 
rapid rates of depolarization. The properties of unidirec- 
tional block and slow conduction in this instance result 
from an inhomogeneity of refractoriness.* When atrial 
cells in close proximity have different refractory periods, 
a premature impulse can be conducted through the cells 
with short different refractory periods, but not through 
those with a long different refractory period. The impulse 
can loop round in a circle, so that when it reaches the 
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original starting point the cells have recovered their excit- 
ability and the impulse can be perpetuated.”*”7**° The 
cells in the centre of the circle are continually partially 
depolarized and fail to generate full action potentials. 
The larger the syncytium and the greater the variability 
of refractoriness, the longer the conduction pathway and 
the more islands of cells with a long refractory period, 
the greater the chance of such a circus mechanism 
developing.” 


Atrial fibrillation 
( AF, VMD) 


An example of the circus movement theory is the “elec- 
tropathogenesis” of atrial fibrillation. An understanding of 
the mechanisms of atrial fibrillation is a good example of 
where an understanding of arrhythmogenesis is useful to 
clinicians and is applied to treatment. 

Under normal conditions, each atrial depolarization 
is generated by the sinus node and conducted towards 
the atrioventricular node. The period of refractoriness 
following each depolarization wave prevents the wave 
from “turning back” towards the sinus node so that it 
obligatorily ends at the atrioventricular node. Under 
certain circumstances, important spatial differences in 
refractoriness occur, creating regions of slow conduction 
and unidirectional block. These allow the depolarization 
wave to find a pathway to “loop back”, forming a circus 
(re-entry). Such a re-entry loop (Fig. 6.7) can be drawn as 
a depolarization wave (black arrow) with a depolarization 
front (arrow head) that makes a circus movement. At the 
end of the depolarization wave tissue gradually recovers 
(grey area) until it has regained full polarization (white 
area). As such, the white area between head and tail con- 
sists of excitable tissue, the “excitable gap”. The depolari- 
zation wave will continue to turn around as long as the 
head doesn't hit the tail, i.e. as long as a small excitable 
gap is present. Whether or not such a re-entry loop “fits” 
in the atria and continues to turn around, or whether it 
hits the tail and terminates spontaneously, depends on the 
substrate, i.e. the atria, and on the size of the loop. Re- 
entry will persist more easily in large or structurally abnor- 
mal (fibrosis) atria and also when the re-entry loop itself 
is small. The anatomical size or path length (PL) of the 
loop is defined by the wavelength (WL) of the depolariza- 
tion wave (length of the arrow) and a small region of 
excitable tissue (white area), the (spatial) excitable gap 
(EG). Therefore, PL = WL + EG. The PL of the depolariza- 
tion wave is the distance the wavefront travels during the 
refractory period and depends on the conduction velocity 
(CV) and the duration of the refractory period (RP) of the 
myocardium. Therefore, WL = CV x RP. The re-entry loop 
can also be described on a timely based manner. The time 
it takes for the re-entry loop to make one rotation is the 
cycle length (CL) which is determined by the refractory 
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period (RP) and a (temporal) excitable period (EP), thus, 
CL = RP + EP. 

Re-entry will persist more easily when the re-entry loop 
itself is small. A decrease in the size of the loop occurs 
when CV is slow and/or RP is short (the tissue recovers 
more quickly). 

When only one re-entry loop continuously turns around 
over a fixed pathway through the atria, it is called atrial 
flutter. The surface ECG shows a saw-toothed pattern, 
where each undulation represents a rotation of the 


Figure 6.7 Schematic drawing of a re-entry loop. After 
passing of the depolarization wave front (arrow head), the 
myocardial tissue is brought in a refractory state (black) for a 
time equal to the refractory period of that tissue. After that, 
tissue gradually recovers (grey) until it has regained full 
excitability (white). The re-entry loop can only propagate 
when a small area of excitable tissue (excitable gap) precedes 
the depolarization wave front. 


depolarization wave, usually at a rate of 170-250/minute 
(Fig. 6.8). 

During atrial fibrillation, multiple atrial re-entry wavelets 
are present at the same time and meander in a chaotic 
manner through the atria. Measuring the focal atrial elec- 
trical activity usually shows 270-475 depolarizations per 
minute, which corresponds to an atrial fibrillation cycle 
length (AFCL) of 220-125 ms (Fig. 6.9). On the one hand 
some waves might die out because of merging with other 
waves, meeting refractory tissue or terminating at the 
atrial borders. On the other hand, new waves will emerge 
because of fragmentation at anatomical or functional 
obstacles. As such, there is a continuous variation in the 
number of waves that coexist in the atria. When the atria 
contain only a small number of waves, these waves might 
all terminate at the same time, which means spontaneous 
conversion to sinus rhythm (paroxysmal atrial fibrilla- 
tion). When a large number of fibrillation waves are 
present (due to large atria, slow conduction and/or short 
refractory period) atrial fibrillation is not likely to convert 
spontaneously because of the small statistical chance that 
all waves die out simultaneously (sustained atrial fibrilla- 
tion). Depending on the reaction to treatment, sustained 
AF might be further subdivided into permanent AF (can 
only be terminated with treatment) or persistent AF 
(cannot be terminated at all despite treatment).*’ 

Over the past decades, the multiple re-entry model has 
been the main mechanism to explain AF in different 
animal models.** However, one observation incompatible 
with this theory is the response of AF to anti-arrhythmic 
drugs that block Na* channels. Such medication is often 
effective in terminating AE but should theoretically 
promote AF because it decreases conduction velocity and 
thereby decreases wavelength. Recent observations in 
sheep suggest that single small re-entry circuits or spiral 
waves, or an ectopic focus, especially in the left atrium, are 
important to trigger and maintain AF.” 

Horses are particularly predisposed to the development 
of atrial fibrillation in normal atrial tissue (“lone” atrial 
fibrillation) because they have a large syncytium of 
atrial cells, and because vagal tone results in a relative 


Figure 6.8 In this horse with atrial flutter, saw-toothed flutter waves (arrows) appear at a rate of 185/minute (324-ms 
interval). Conduction to the ventricle was irregular but ventricular rate was normal. 
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Figure 6.9 Simultaneous recording of the surface ECG 


upper trace) 
electrogram (middle trace) in a horse with lone atrial fibrillation. On the lower trace markers indicate every intra-atria 


with fibrillation waves (f), and the intra-atrial 


depolarization and allow calculation of the instantaneous atrial fibrillation cycle length (AFCL) (ms). 


inhomogeneity of refractoriness within the atrium.***’ 


This gives the chance for the re-entry mechanism described 
above to develop. In other species, and in ponies, atrial 
fibrillation usually only occurs in the presence of atrial 
myocardial disease, differences in refractoriness and con- 
duction velocity within different groups of cells, and an 
increased likelihood of premature depolarizations which 
could initiate fibrillation. In horses, there is high vagal 
tone, the atria are relatively large and there are often 
islands of relatively refractory tissue even within the 
normal atrium.” The effect of atrial size has been illus- 
trated in an experiment in which clamping of the atrial 
appendage reduced effective atrial mass and resulted in 
atrial fibrillation converting to sinus rhythm.** Also, in 
horses and ponies, susceptibility to experimentally 
induced AF has been shown to be related to atrial size.” 
The effects of high vagal tone are illustrated by experi- 
ments in which atrial fibrillation is maintained in isolated 
atrial myocardial preparations only in the presence of ace- 
tylcholine.*°""’ The effects of vagal tone are more marked 
in some cells than others, resulting in groups of cells with 
different refractory periods.** In life, the marked inhomo- 
geneity of refractoriness of atrial tissue, especially imme- 
diately after a premature beat, provides the necessary 
electrophysiological medium for the development of atrial 
fibrillation if an initiating premature beat occurs even in 
the absence of underlying disease.***!*” 


Enhanced impulse formation 


Ectopic foci arise when cells outside the pacemaker centres 
develop membrane characteristics which are similar to 
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those of pacemaker cells. This may take the form of 
abnormal automaticity when there is spontaneous impulse 
generation from a discrete site, without prior activation 
of the site, or of triggered rhythms which occur only if 
activated by one or more impulses from outside the 
ectopic focus.”°! 


Abnormal automaticity 


The automaticity of the heart is referred to as the heart's 
normal pacemaker function and is the result of phase 4 
activity which leads to spontaneous depolarization. 
Usually the SA node is the dominant pacemaker because 
it has the fastest rate of automaticity. However, other sites 
within the atria, AV node, junctional tissue, Purkinje fibres 
or ventricles, which normally have a high negative resting 
potential (-90 mV), may start showing abnormal accelera- 
tion of phase 4 resulting in automatic tachycardia. Such 
abnormal automaticity occurs in cells with abnormal 
membrane potentials (around -55 mV).** The different 
membrane potential is due to alteration in the properties 
of the channels and also affects the relative significance of 
different ion channels in contributing to the action poten- 
tial, so that, for example, the inward calcium channel 
becomes more important.” This is a useful base from 
which to consider treatment to reduce the discharge of 
these abnormal foci. 

Similar to the normal sinus tachycardia, automatic tach- 
ycardias often display an increase and decrease in rate 
when the arrhythmia starts and ends. Also similar to sinus 
tachycardia, automatic tachycardia often has metabolic 
causes, such as hypokalaemia, hypomagnesaemia, acid- 
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Figure 6.10 Schematic drawing of an early afterdepolarization 
(arrow) which shows as a “bump” during phase 3 of the 
action potential. 


base disorders, myocardial ischaemia, hypoxemia or a 
high sympathetic tone. 


Triggered activity 


Triggered beats occur from a discrete pacemaker site and 
are subdivided into those caused by early afterdepolariza- 
tions (or afterpotentials) and those due to late afterdepo- 
larizations. Early or late afterdepolarizations occur as a 
“bump” during or after phase 3 of the action potential, 
respectively (Fig. 6.10), and are caused by excessively large 
inward currents carried by the Na*/Ca** exchanger. If the 
afterdepolarization is of sufficient amplitude to engage the 
rapid sodium channels, another action potential can be 
generated. Triggered activity, like re-entry, can be induced 
by premature beats or by pacing techniques. Ectopic beats 
resulting from triggered activity differ from those from 
abnormal automaticity in that they are often exacerbated 
by fast heart rates (i.e. they are not overdrive suppressed) 
and that they can be very irregular and therefore lead to 
the development of “torsades de pointes” or ventricular 
fibrillation.”* Digitalis-toxic arrhythmias are thought to be 
caused by triggered activity. 


Specific causes of arrhythmias 


Electrolyte abnormalities 


Electrolyte abnormalities are an important cause of 
arrhythmias, and electrolyte levels should be checked 
in any animal with an unexplained arrhythmia. Horses 
which are exhausted, or which have severe gastrointestinal 
or renal disease, are most likely to have significant electro- 
lyte imbalance.***’ In particular, abnormal levels of potas- 
sium, calcium, sodium and magnesium play an important 
role in the genesis of arrhythmias. 


Hyperkalaemia 


An increase in extracellular potassium decreases the ampli- 
tude of the action potential and the voltage of the plateau, 
shortens the plateau duration and accelerates the phase of 
rapid repolarization. It results in a less negative resting 
potential, bringing it closer to the threshold potential, 
which means that the strength of a stimulus needed to 
reduce the resting membrane potential to the threshold 
potential will be decreased (the tissue is more excitable). 
Most importantly, due to the reduced resting membrane 
potential, the rate of rise of phase 0, and therefore the 
conduction velocity, will be decreased. The slow depolari- 
zation during phase 4, which characterizes automatic cells, 
is diminished or completely abolished by hyperkalaemia. 
The effect is more marked in atrial myocytes than in ven- 
tricular myocytes and the sinoatrial node.**? Hyperkalae- 
mia might result in cardiac arrest, due to sinus node 
depression, depression of intra-atrial conduction and/or 
atrioventricular block, or ventricular fibrillation, due to 
re-entry because of the slowing of conduction. 


Hypokalaemia 


Hypokalaemia results in a more negative resting potential. 
The duration of phase 3 repolarization is increased, 
increasing the duration of the action potential. Hypoka- 
laemia also results in increased levels of intracellular 
sodium and calcium. In the clinical setting, hypokalaemia 
results in a wide spectrum of atrial and ventricular ectopic 
rhythms. The ectopy is due to enhanced automaticity of 
latent pacemaker fibers. 

The cardiac effects of hypermagnesaemia and hypo- 
magnesaemia mimic those of hyperkalaemia and hypoka- 
laemia, respectively; however, the mechanisms for this 
have not been clearly described. In humans, magne- 
sium treatment has been reported to prevent early 
afterdepolarizations induced by quinidine, providing 
a possible explanation for the demonstrated effectiveness 
of treatment with magnesium salts for torsades de 
pointes.*° 


Hypercalcaemia 


Hypercalcaemia results in a small increase in QRS duration 
in human beings,” but the effect has not been seen in 
horses.” The duration of phase 2 is prolonged, and this may 
be reflected by a sinus bradycardia, sinus arrhythmia and AV 
block. These rhythms may also be due to hypertension 
during hypercalcaemia. Ventricular arrhythmias develop 
during marked hypercalcaemia. The cardiac effects of 
hypercalcaemia are partly dependent on potassium levels.” 


Hypocalcaemia 


Hypocalcaemia may be associated with decreased cardiac 
function and tachycardia but does not usually produce 
arrhythmias. 
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DRUGS USED IN THE TREATMENT OF 
MYOCARDIAL FAILURE 


In compensated heart failure due to ineffective myocar- 
dial contractility, adaptive mechanisms of the cardiovas- 
cular system occur to sustain adequate blood pressure 
and cardiac output brought about by the sympathetic 
nervous system, the renin-angiotensin-aldosterone 
system and by other mediators (see Chapters 2 and 5) 
that bring about vasoconstriction as well as increases in 
circulating volume (increased preload), cardiac contractil- 
ity, cardiac output and heart rate in order to maintain 
peripheral perfusion. In decompensated heart failure, due 
to ineffective myocardial contractility, there is little or no 
further augmentation of stroke volume with increasing 
filling pressures. Retrograde transmission of increased 
pressures into the systemic and pulmonic vasculature 
produces oedema. Vasoconstriction increases afterload, 
which further decreases cardiac output. Tachycardia from 
increased sympathetic drive decreases diastolic coronary 
blood flow. Myocardial hypoxia and excessive ventricular 
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wall stress as a result of increased filling pressure con- 
tributes to the decline in stroke volume. The inotropic 
and chronotropic responses to sympathetic adrenergic 
stimulation and the increase in work required to pump 
against the elevated afterload increase myocardial energy 
expenditure and accelerate the rate of cell death. Oedema 
of the myocardial tissues produced by fluid retention 
contributes to poor myocardial function and impairs oxy- 
genation. Oxygenation is also impaired by pulmonary 
oedema. 

The goals in the treatment of heart failure are to decrease 
fluid retention, decrease afterload, improve contractility of 
the myocardium and decrease the heart rate. Three main 
classes of drugs are utilized: (1) vasodilators, (2) diuretics 
and (3) cardiac glycosides. In addition, iontropic drugs 
and pressor agents have a role in supporting ventricular 
function but these drugs are primarily used in supporting 
cardiac function in patients with circulatory shock or 
under anaesthesia (see Chapters 20 and 21). 


Vasodilators 


As cardiac output falls due to ineffective myocardial con- 
tractility, activation of the renin-angiotensin-aldosterone 
system and increase in sympathetic nervous system activ- 
ity produce venous and arterial vasoconstriction. Excessive 
increases in preload and afterload cause increased energy 
expenditure for an already failing heart. Venodilators 
provide an increase in venous capacitance and decrease 
ventricular filling pressures, wall stress and preload. Arte- 
rial vasodilators provide reduction in afterload, increasing 
forward stroke volume. Most vasodilators exhibit activity 
on both arterial and venous vascular beds, although some 
vasodilators show specificity for certain segments of the 
vasculature. ' 
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ANGIOTENSIN-CONVERTING 
ENZYME INHIBITORS 


Mechanism of action 


The renin-angiotensin system participates in short- and 
long-term control of blood pressure, as described in 
Chapter 2, through production of angiotensin II and 
aldosterone. Angiotensin II activates AT1 receptors on vas- 
cular smooth muscle cells of the precapillary arterioles and 
postcapillary venules causing vasoconstriction? and inac- 
tivates bradykinin, a potent vasodilator. It also increases 
sympathetic tone and vasoconstriction by increasing 
release of adrenaline and decreasing its reuptake. Angi- 
otensin II opens calcium channels in cardiac myocytes 
increasing cardiac contractility and increases heart rate by 
enhancing noradrenergic transmission and facilitating 
sympathetic tone.” Angiotensin II regulates the tone of the 
efferent arteries of the kidney increasing the filtration frac- 
tion and resorption of sodium and water. It also acts 
directly on the renal tubular epithelial cells to inhibit 
excretion of sodium and water’ and acts directly on the 
adrenal cortex to produce aldosterone. 

Angiotensin-converting enzyme inhibitors fall into 
three categories: (1) those containing a sulfhydryl group 
that binds to the zinc moiety of angiotensin-converting 
enzyme (captopril); (2) those containing a carboxyl 
group that binds to the zinc moiety of angiotensin- 
converting enzyme (enalapril, lisinopril); and (3) those 
containing a phosphinic acid group that binds to the 
zinc moiety of angiotensin-converting enzyme.’ All 
angiotensin-converting enzyme inhibitors prevent the 
conversion of angiotensin I to angiotensin II thereby 
attenuating the action of angiotensin II. They not only 
produce vasodilation by decreasing available angiotensin 
II but by increasing available bradykinin. As a result they 
inhibit the release of aldosterone from the adrenal cortex 
and decrease the sodium and water absorption from the 
kidney, potentiating the effects of diuretics. Angiotensin- 
converting enzyme inhibitors decrease the heightened 
stimulation of the sympathetic nervous system decreasing 
heart rate and vasoconstriction. Pharmacokinetics of angi- 
otensin-converting enzyme inhibitors have undergone 
preliminary investigation; enalapril is poorly absorbed** 
and effective doses have not been established.” More 
recently quinapril has been evaluated in clinical cases 
using dosages extrapolated from other species and dem- 
onstrated changes in stroke volume and cardiac output 
which may suggest that further investigation of this drug 
is warranted.‘ ( ` AF, IE, VMD) 


Adverse effects 


By reducing concentrations of angiotensin II, angiotensin- 
converting enzyme inhibitors decrease the kidney’s ability 
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to autoregulate glomerular filtration fraction. In patients 
being treated with renin-angiotensin antagonists with 
marginal cardiac output, low blood pressure or concomi- 
tant use of Na*K'2Cl symport inhibitors, the glomerular 
filtration fraction may decline and an increase in serum 
creatinine concentrations may ensue.’ A significant decline 
in blood pressure may occur after an initial dose of 
angiotensin-converting enzyme inhibitors necessitating 
initiation of the drug with a low dose. Cough may develop 
weeks to months after initiation of therapy.' Angioedema 
is a rare side effect in human patients. 


Drug interactions 


There is no interaction with digoxin. Angiotensin- 
converting enzyme inhibitors are eliminated by the kidney 
and caution should be taken in patients with decreased 
renal function. They are contraindicated in pregnancy due 
to malformation of the fetal kidneys. 


HYDRALAZINE 


The mechanism of action of hydralazine is poorly under- 
stood. Hydralazine reduces afterload by reducing systemic 
and pulmonary vascular resistance resulting in increase in 
forward stroke volume and a decrease in ventricular wall 
stress.* Hydralazine has a direct positive inotropic activity 
on cardiac myocytes. It has little effect on venous resist- 
ance. In human medicine it is combined with an agent 
with vasodilating capacity such as organic nitrates (iso- 
sorbide dinitrate),* although these increase the occurrence 
of side effects such as headache and dizziness in humans. 
Hydralazine increases renal perfusion by reducing renal 
vasculature resistance. Hydralazine is useful in patients 
with marginal renal function that cannot tolerate an 
angiotensin-converting enzyme inhibitor. Hydralazine is 
metabolized by the liver. It is available in oral tablets. The 
recommended dosage in the horse is 0.5-1.5 mg/kg every 
12 hours orally.® 


Diuretics 


Diuretics are used in the treatment of heart failure to 
combat water and sodium retention by the kidneys. 
Diuretics reduce intravascular volume, ventricular 
filling pressures (preload) and wall stress. Although they 
usually do not cause a significant increase in cardiac 
output, diuretics do ameliorate the symptoms of 
congestive heart failure and may decrease the rate of 
progression of cardiac chamber dilatation by reducing 
ventricular filling pressure.’ Diuretics should be used 
intermittently as needed because of the acid-base and 
electrolyte disturbances that can be attributed to chronic 
diuretic therapy. 
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Mechanism of action 


Categories of diuretics are based on their molecular phar- 
macology. The most commonly used diuretic in the horse 
is frusemide, a Na*K*2Cl symport inhibitor, previously 
referred to as a loop diuretic. Potassium sparing diuretics, 
which may decrease the risk of digoxin toxicity, fall into 
two categories, epithelial sodium channel inhibitors (ami- 
loride) and type I mineralocorticoid/glucocorticoid recep- 
tor antagonists (spironolactone). Osmotic diuretics, such 
as mannitol, increase extracellular fluid volume and are 
contraindicated in decompensated heart failure. Carbonic 
anhydrase inhibitors (acetazolamide) may induce a 
metabolic acidosis that may be beneficial in patients 
with hypochloraemic metabolic alkalosis secondary to 
prolonged use of a Na*K*2Cl symport inhibitor. 


Inhibitors of the Na*K*2Cl symport 


Inhibitors of an ion transport protein, the Na*K*2Cl 
symport, in the thick ascending limb of the loop of Henle 
were previously known as loop diuretics. They are the only 
diuretics that are effective alone in moderate to advanced 
heart failure. The other diuretics act more distally and are 
less effective because of the enhanced water and solute 
resorption in proximal nephron segments in heart failure. 
The Na*K*2Cl symport inhibitors may need to be com- 
bined with other diuretics in advanced stages of heart 
failure.’ Evidence suggests the Na*K*2Cl symport inhibi- 
tors bind to the chloride binding site but the exact mecha- 
nism is unknown.’ Inhibition of the symporter prevents 
the renal epithelial cell from absorbing sodium and chlo- 
ride. Lack of ions in the medullary interstitium reduces its 
tonicity and decreases the driving force for water resorp- 
tion in the collecting duct. Excessive sodium and fluid in 
the distal nephron enhances the secretion of potassium 
and hydrogen ions. Loop diuretics also inhibit absorption 
of calcium and magnesium because they are linked to 
sodium and chloride transport. Frusemide is the most 
widely used diuretic in this category. Effects of frusemide 
on the cardiovascular system have been well documented 
in the normal horse. Decrease in plasma volume, right 
atrial pressure, stroke volume and cardiac output and 
an increase in systemic vascular resistance occur acutely 
following administration. These rapid haemodynamic 
actions of loop diuretics are attenuated in studied human 
patients with chronic congestive heart failure.* Chronic 
use of frusemide may induce hypokalaemia, hypochlorae- 
mic alkalosis, hyponatraemia and hypomagnesaemia. 
These electrolyte disturbances increase the risk for devel- 
opment of digoxin toxicity in patients treated with both 
drugs. Frusemide should be used intermittently to control 
the symptoms of heart failure. Horses treated with long- 
term digoxin and frusemide should have serum electrolyte 
concentrations monitored routinely. Supplementation 
with the appropriate electrolyte or change of diuretic is 


warranted if electrolyte disturbances are detected. The 
dosage of frusemide in the horse is 1 mg/kg IV, IM as 
needed, usually twice daily.” Continuous rate infusions 
have been evaluated in the horse and cause more pro- 
found diuresis in the first 8 hours of treatment using a 
loading dose of 0.12 mg/kg followed by an infusion of 
0.12 mg/kg/hour." This may be useful for initial stabiliza- 
tion of horses presenting with acute congestive heart 
failure, although there is no improvement in diuresis after 
the first 8 hours of treatment over conventional intrave- 
nous medication every 8 hours." The oral bioavailability 
of frusemide is poor and highly variable’? and there- 
fore intramuscular administration is recommended for 
ongoing therapy. ( ` PH, VMD) 


Potassium-sparing diuretics 


Potassium-sparing diuretics are divided into two catego- 
ries based on their molecular pharmacology. Diuretics, 
such as amiloride, inhibit sodium selective channels in the 
late distal convoluted tubule and the cortical collecting 
duct. The other category of potassium sparing diuretics 
are inhibitors of type I mineralocorticoid/glucocorticoid 
receptors and act as an aldosterone antagonist, such as 
spironolactone. Neither of these diuretics is sufficient 
alone in advanced heart failure although they may affect 
cardiac remodelling as discussed in Chapter 2. Care should 
be taken when using these diuretics with ACE inhibitors 
or in patients with reduced renal function, which may 
increase the serum potassium concentration. Potassium- 
sparing diuretics also cause less magnesium wasting than 
the Na*K*2Cl symport inhibitors. Pharmacokinetics and 
dosage for the potassium-sparing diuretics have not been 
established in the horse. 


Inhibitors of the Nat Cl symporter 


Thiazide diuretics inhibit the sodium/chloride symporter 
in the renal epithelial cell in the distal convoluted tubule 
increasing loss of sodium, chloride and water into the 
urine. Excessive sodium and fluid in the distal nephron 
enhances the secretion of potassium and hydrogen ions. 
Alone, these diuretics are only useful in mild heart failure. 
However, when combined with loop diuretics, they exhibit 
synergism which may be useful in patients resistant 
to loop diuretics. Pharmacokinetics and dosage for the 
thiazide diuretics have not been established in the horse. 


Cardiac glycosides 
( AF, VT) 


Cardiac glycosides occur naturally in a variety of plants 
and as venom in some toad species. Digitalis glycosides 
are those cardiac glycosides that are derived from Digitalis 
species of plants. Digitalis species include Digitalis purpurea 
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(foxglove plant), and Digitalis lanata (digitoxin and 
digoxin). Cardiac glycosides have a chemical structure 
consisting of a steroid nucleus with an unsaturated lactone 
at the C17 position and one or more glycosidic residues 
at C3.' Digoxin is the most commonly used cardiac 
glycoside in the horse. It is relatively inexpensive, 
easy to administer and the pharmacokinetics have been 
established. Pharmacokinetics and dosage have not been 
established for digitoxin in the horse. 


Mechanism of action 


Positive inotropic effect, inhibition of 
Na*K*ATPase 


Depolarization of the cardiac myocyte occurs when fast 
sodium channels open producing phase 0 of the action 
potential." The depolarization of the cell activates L-type 
calcium channels which are voltage sensitive and found 
on the cell membrane.'* Calcium enters the cell producing 
the slow inward current, phase 2 of the cardiac action 
potential. This influx of calcium into the cell causes a 
release of calcium from the sarcoplasmic reticulum, an 
intracellular compartment. As the myocyte undergoes 
repolarization and relaxation, calcium is removed from 
the cell by a Ca**ATPase that sequesters the calcium back 
into the sarcoplasmic reticulum. Also, a Ca?*ATPase and a 
Na*Ca** exchanger in the sarcolemmal membrane remove 
calcium from the cytoplasm.’ The calcium within the cell 
is exchanged for the sodium outside the cell. The differ- 
ence in sodium concentration from inside the cell to 
outside the cell drives the Na*Ca** exchanger; if the sodium 
concentration within the cell is high, the exchange of 
calcium for sodium will be diminished. 

Normally there is a large concentration gradient of 
sodium, most being outside the cell, which is maintained 
by the Na*K*ATPase pump exchanging intracellular 
sodium for extracellular potassium. Cardiac glycosides 
bind to and inhibit the Na*K*ATPase causing sodium to 
accumulate inside the cell. The increased amount of 
sodium inside the cell prevents the Na*Ca™ exchanger 
from working efficiently and calcium is not pumped from 
the cell. The extra calcium within the cell is then taken up 
by the sarcoplasmic reticulum. This allows for more 
calcium to be released from the sarcoplasmic reticulum 
during contraction. The excess calcium binds to the sar- 
comere and increases the velocity and extent of sarcomere 
shortening increasing contractility. The alpha subunit of 
the Na*K*ATPase, the binding site for cardiac glycosides, 
is present on the extracytoplasmic side of the cell mem- 
brane.* Excessive extracellular potassium decreases the 
binding affinity of cardiac glycosides for Na*K*ATPase by 
promoting dephosphorylation which is an initial step in 
the translocation of the enzyme into the cytosol.’ There- 
fore, increased extracellular potassium will reverse some 
manifestations of digitalis toxicity. 
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Regulation of sympathetic nervous 
system activity 


In human patients in heart failure, an increase in sympa- 
thetic nervous activity may in part be due to insensitivity 
to the arterial baroreflex.' The rise in blood pressure does 
not cause a decrease in sympathetic tone as it would in 
the normal heart. This insensitivity also contributes to 
sustained levels of noradrenaline, renin and vasopressin.’ 
Cardiac glycosides appear to decrease sympathetic nervous 
system activity by a centrally mediated effect and enhance 
baroreceptor sensitivity in patients with heart failure. 
Ferguson et al demonstrated in patients with moderate 
to severe heart failure given a cardiac glycoside, a decrease 
in heart rate and increased forearm blood flow and cardiac 
index. In addition, a simultaneous decrease in skeletal 
muscle sympathetic nervous system activity occurred, sug- 
gesting an overall decrease in centrally mediated sympa- 
thetic activity. The decrease in sympathetic nervous system 
activity and the increase in vagal tone will decrease auto- 
maticity and increase the diastolic resting membrane 
potential in the atrial and atrioventricular nodal tissue. 
The effective refractory period is prolonged and atrioven- 
tricular nodal conduction velocity is decreased.' Because 
myocardial perfusion occurs in diastole, a decrease in 
heart rate will decrease myocardial ischaemia. A decrease 
in heart rate will also improve stroke volume by allowing 
more time for ventricular filling, and decrease myocardial 
oxygen consumption. 


Pharmacokinetics 


Digoxin is available as oral tablets, elixir and intravenous 
formulations. Because there is considerable variability in 
the systemic availability of oral formulations of digoxin 
on the market, the same product should be used consist- 
ently during maintenance therapy.’ Digoxin should not be 
given intramuscularly as it causes local irritation and is 
absorbed erratically.* Pharmacokinetic studies of digoxin 
have been performed in the normal horse and in horses 
in congestive heart failure. ™™” Digoxin is eliminated by 
glomerular filtration and tubular secretion.* In patients 
with decreased kidney function or those on diuretics or 
sympathomimetic agents with increased renal clearance, 
the dosage of the drug should be adjusted. Because of its 
large volume of distribution, digoxin cannot be removed 
by peritoneal dialysis.* Digoxin is stored in the skeletal 
muscle, not fat, so dosage should be calculated on lean 
body mass. Digoxin has been shown to cross the placenta 
in humans.’ In the horse, 20-40% of digoxin in the 
plasma is protein bound.’ 

Bioavailability of oral digoxin is approximately 
20%." Time to peak serum concentration is 1-2 hours 
after oral administration.'*'” A second rise in serum 
concentration occurs 4-8 hours later most likely due to 
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enterohepatic recycling of the drug, slowed absorption 
or delayed availability of partially dissolved tablets.” 
There is considerable variation in the serum concentration 
of digoxin following oral administration in individual 
animals.'”? The reported range for the biological half-life 
of digoxin in the horse is 17-23 hours.'*!”!° Without 
loading doses, the serum concentration of digoxin reaches 
a steady state in the horse within 3.5 days for 12 hour 
dosing interval.’ The dosage for intravenous maintenance 
is 2.2 ug/kg every 12 hours and for oral maintenance is 
11 ug/kg every 12 hours.” An initial maintenance dose 
(2.2 ug/kg IV) given intravenously will result in achieve- 
ment of therapeutic concentration more rapidly than oral 
administration for a portion of the dosing interval. Larger 
loading doses will increase the chance of toxicity.” The 
therapeutic plasma concentration of digoxin is between 
0.5 and 2.0 ng/mL.” 


Therapeutic drug monitoring and 
adverse effects 


(VT) 


Because there is a narrow safety margin between the thera- 
peutic and toxic levels of digoxin and because digoxin 
interacts with many commonly used medications, digitalis 
toxicity may occur during treatment. The initial signs of 
digoxin toxicity are anorexia, colic and diarrhoea due to 
alterations in sympathetic tone. Cardiac dysrhythmias are 
a common and potentially life-threatening result of digi- 
talis intoxication. Close monitoring of the clinical response 
and plasma digoxin concentration must be performed in 
treated horses to avoid toxicity. The level at which clinical 
symptoms of toxicity show a rapid increase in prevalence 
is above 2.0 ng/mL. Some patients may show signs of 
toxicity within the “therapeutic” range. Serum levels 
should be taken 3.5 days after initiation of therapy since 
individual animals vary in their response.” Serum 
samples should be taken at the time of peak and trough 
concentrations, 2 and 12 hours, respectively, after the last 
dose is administered.” 

There are many drugs that may potentially interact with 
digoxin; H, blockers, bran and albuterol may decrease 
the blood concentration of digoxin’ while propafenone, 
quinidine, verapamil, erythromycin, omeprazole, phe- 
nylbutazone and tetracycline may increase serum concen- 
trations of digoxin." Hypoproteinaemia may decrease 
protein binding thereby increasing the unbound, meta- 
bolically active, concentration of the drug. Hypokalaemia, 
hypomagnesaemia and hypocalcaemia make the patient 
more sensitive to the toxic effects of digoxin. Hyperkalae- 
mia decreases the binding affinity for digoxin and decreases 
the sensitivity to toxic effects, although it may exacerbate 
digoxin-induced conduction disorders and result in high- 
grade atrioventricular nodal block.’ 


Digoxin toxicity produces an increase in sympathetic 
tone and progressive inhibition of the Na*K*ATPase. The 
inhibition of Na*K*ATPase leads to a loss of cardiac cel- 
lular potential and excessive accumulation of intracellular 
calcium that alters cardiac conduction.” Ectopic beats of 
atrioventricular junctional or ventricular origin, first- 
degree atrioventricular block and an excessively slow ven- 
tricular response to atrial fibrillation are the most common 
dysrhythmias in humans.' 

In the case of digoxin toxicity, digoxin therapy should 
be immediately discontinued. Serum electrolyte and 
digoxin concentrations and acid-base status should be 
determined. Treatment for fluid, electrolyte and acid-base 
disturbances should be instituted. Even if the serum con- 
centration of potassium is in the normal range, potassium 
can be administered to animals with life-threatening 
dysrhythmias, unless high-degree atrioventricular block is 
present. Hypomagnesaemia, hypokalaemia and hypocal- 
caemia make the patient more susceptible to toxic effects 
and should be corrected. Lignocaine or phenytoin may be 
used for worsening ventricular dysrhythmias that cause 
the patient to be haemodynamically unstable.” Care 
should be taken with quinidine administration as it will 
increase unbound digoxin levels. If symptomatic, sinus 
bradycardia, sinoatrial arrest and 3rd degree atrioven- 
tricular block usually respond to the administration of 
atropine.’ Antidigoxin immunotherapy is available for 
humans, but is prohibitively expensive for equine patients. 


Calcium channel blockers 


In human heart failure patients with systolic dysfunction, 
calcium channel antagonists may worsen symptoms and 
increase mortality.’ The mechanism for the adverse effects 
is unclear. Calcium channel antagonists may result in an 
increase in the negative inotropy. Continued research into 
“second generation” calcium channel blockers is ongoing. 


Phosphodiesterase inhibitors 


Of the phosphodiesterase inhibitors only theophylline 
and caffeine have been studied in the horse. Phosphodi- 
esterase isoenzyme subclass specific inhibitors used in 
human medicine include amrinone and milrinone. 
Phosphodiesterase inhibitors increase intracellular con- 
centrations of cAMP that causes positive chronotropy and 
inotropy in cardiac cells and relaxation of bronchial 
smooth muscle cells. They are only useful in the short- 
term support of circulation in advanced heart failure. 
Sildenafil, a phosphodiesterase subtype 5 inhibitor, has 
also been proposed as a treatment for persistent pulmo- 
nary hypertension in the neonatal human patient” and 
may have a role in the management of foals with perinatal 
asphyxia syndrome. ( ` PH) 


79 


J] Cardiology of the horse 


Adrenergic and 
dopaminergic agonists 


Dobutamine 


Dobutamine is useful for short-term circulatory support 
of patients with acute heart failure. Due to the develop- 
ment of tolerance and lack of an enteral formulation, 
dobutamine is not appropriate for long-term therapy. 
Lower doses of dobutamine (1-10 ug/kg/minute IV infu- 
sion) stimulate B,-adrenergic receptor subtypes producing 
a positive inotropic effect. Dobutamine does not activate 
dopaminergic receptors and does not increase renal blood 
flow selectively. Dobutamine is used to support blood 
pressure during anaesthesia (see Chapter 20) and in hypo- 
tensive foals. It may be more appropriate to use it in 
conjunction with the pressor agent noradrenaline in this 
setting.” 


Dopamine 


Actions of dopamine are often quoted to be based on the 
infusion rate. At low infusion rates (1-3 ug/kg/minute), 
dopamine stimulates dopaminergic pre- and postsynaptic 
receptors in the peripheral vasculature and renal proximal 
tubular cells of some species resulting in vasodilation of 
splanchnic and renal arterial beds causing an increase in 
renal perfusion. At intermediate infusion rates (3-5 ug/kg/ 
minute) dopamine stimulates B,-adrenergic receptors in 
the heart resulting in positive inotropy and chronotropy. 
Infusion rates of 5-20 ug/kg/minute stimulate o-adrenergic 
receptors causing peripheral vasoconstriction.” There is 
considerable controversy about the use of dopamine for 
improving renal perfusion in patients with acute renal 
failure,” and variability in the selectivity means that it is 
rarely indicated to support cardiac function in heart failure 
in the horse. Other drugs with more predictable pressor 
and inotropic effects are usually recommended in the 
horse for the treatment of hypovolaemic and endotoxic 
shock. 


DRUGS USED IN THE TREATMENT OF 
CARDIAC DYSRHYTHMIAS 


The Vaughan Williams classification of antiarrhythmic 
drugs categorizes the drugs according to the ion channels 
or adrenoceptors they block. Class I includes drugs that 
block the fast inward sodium channels of myocardial cells. 
There are three subcategories. Class IA consists of drugs 
that decrease myocardial conduction velocity, increase the 
refractoriness of myocardial cells and prolong the QRS 
and QT intervals. Quinidine and procainamide belong to 
this group. Class IB contain drugs (lignocaine and pheny- 
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toin) that shorten the action potential. Class IC drugs 
slow conduction and mildly prolong refractoriness. 
Propafenone is an example of this class. Class II drugs 
block B-adrenergic receptors. Propranolol and timolol are 
examples. Class III contains drugs that block potassium 
channels and prolong repolarization. Amiodarone and 
bretylium are in this category. Class IV include verapamil 
and diltiazem and are slow calcium channel blockers. 
Dosage regimens for drugs used to treat dysrhythmias in 
horses are listed in Table 7.1 and further details of the 
clinical indications for use of these drugs are discussed in 
Chapter 13. It is important to recognize that there are 
limited data to support dosage regimens for many antidys- 
rhythmic drugs and the reader is advised to consult recent 
literature for modifications and recommendations made 
after the time of publication of this text. 


Class I| antiarrhythmic drugs 
Quinidine 

Mechanism of action 

( ACF, AF, VT) 


Class IA antiarrhythmics include quinidine and procaina- 
mide. Quinidine is the drug most frequently used to treat 
cardiac dysrhythmias and the most well studied of the 
antiarrhythmics in the horse and is derived from the bark 
of the cinchona tree. Quinidine blocks the sodium chan- 
nels and multiple cardiac potassium currents, decreasing 
automaticity of Purkinje fibres and ectopic pacemakers by 
decreasing the slope of phase 4 of the cardiac action 
potential, shifting the threshold voltage towards zero. It 
prolongs the duration of the action potential and the effec- 
tive refractory period. The prolongation of the effective 
refractory period has been assumed to be responsible for 
its effect in terminating atrial fibrillation and other re- 
entry arrhythmias. For example, in atrial fibrillation the 
refractory period of all atrial cells is increased so there are 
fewer areas of tissue at different stages of the action poten- 
tial (and therefore at different levels of refractoriness) and 
so fewer islands of refractory tissue, which are the basis 
for the re-entry mechanism, can exist. However, more 
recent experimental research in a goat model of atrial 
fibrillation has shown that quinidine did not result in 
lengthening of the refractory period but rather in a widen- 
ing of the excitable gap.” In addition, sodium channel 
blockade results in conduction slowing, which should 
theoretically promote atrial fibrillation. These findings 
have led to a new model to explain atrial fibrillation, the 
spiral wave concept. In this model one or more spiral 
waves are supposed to circle around (re-entry) and serve 
as a continuous source to maintain atrial fibrillation. 
According to this model, administration of class I drugs 
would have an antiarrhythmic action by altering the rota- 
tion of the spiral wave.**”? Optical mapping in isolated 
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Table 7.1 Indications and doses of antidysrhythmic drugs used in horses 


DRUG 


Amiodarone 


INDICATIONS 
VT, AF 


DOSE 
5 mg/kg/hour for 1 hour then 0.83 mg/kg/hour for 23 hours* 


Atropine 


Sinus bradycardia, 
AV block 


0.005-0.01 mg/kg IV 


Bretylium 
tosylate 


Life-threatening VT, 
ventricular fibrillation 


3-5 mg/kg IV, can repeat up to 10 mg/kg* 


Digoxin 


SVT 


0.0022 mg/kg IV bid 
0.011 mg/kg PO bid 


Diltiazem 


Dopamine 


SVT 


Advanced and complete 
AV block 


0.125 mg/kg IV over 2 minutes repeated every 12 minutes* 


3-5 ug/kg/minute 


Adrenaline 
(epinephrine) 


Sinus bradycardia 


0.01 mg/kg IV 


Flecainide 


AF 


4.1 mg/kg q 2 hours for a maximum of 4-6 doses then q 4-6 hours* 
DO NOT USE INTRAVENOUSLY 


Isoproterenol 


Advanced and complete 
AV block 


0.05-0.2 ug/kg/minute CRI 


Lignocaine 


VT 


0.02-0.05 mg/kg/minutes; 0.25-0.5 mg/kg IV slowly, can repeat in 
5-10 minutes 

Or loading bolus of 1.3 mg/kg IV over 5 minutes followed by CRI at 
0.05 mg/kg/minute 


Magnesium 
sulphate 


2.2-4.4 mg/kg IV slowly, can repeat in 5 minutes to total dose of 
55 mg/kg total* 


Phenytoin 


igoxin toxicity, 
supraventricular and 
ventricular arrhythmias 


7.5-8.8 mg/kg iv single bolus 
Loading dose 20 mg/kg PO, bid then modify to keep plasma 
[phenytoin] = 5-10 mg/L 


Procainamide 


VT, AF, supraventricular 
and ventricular 
arrhythmias 


1 mg/kg/minute IV to total dose of 20 mg/kg 
25-35 mg/kg PO tid 


Propafenone 


Propanolol 


T, AF, supraventricular 
and ventricular 
arrhythmias 


0.5-1 mg/kg in 5% dextrose IV over 5-8 minutes 
2 mg/kg PO tid* 


0.03-0.1 mg/kg IV 
0.38-0.78 mg/kg PO tid 


Quinidine 
gluconate 


0.5-2.2 mg/kg IV q 10 minutes to total dose 12 mg/kg 


Quinidine 
sulphate 


22 mg/kg via nasogastric tube until converted, toxic or plasma 
[quindine] = 3-5 mg/L, usually 4-6 doses, then q 6 hours until 
converted or toxic 


Verapamil 


SVT 


0.025-0.05 mg/kg IV q 30 minutes to total dose 0.2 mg/kg* 


*Note there are limited data to support these dosage regimens and the reader is advised to also consult recent literature for modifications 
and recommendations made after the time of publication of this text. 


AF, atrial fibrillation; CRI continuous rate infusion; SVT, supraventricular tachycardia; VT, ventricular tachycardia. 


81 


J Cardiology of the horse 


perfused preparations of equine atria suggested that atrial 
fibrillation, produced in vitro by a rapid pacing protocol, 
results from spatial variations in the action potential 
durations and diastolic intervals.*° These changes produce 
regions of conduction block and Wenckebach conduction 
with the atrium. Multiple conduction frequencies are 
present due to regions of conduction block. Quinidine 
terminates the in vitro atrial fibrillation by increasing the 
effective refractory period, thereby decreasing the maximal 
dominant frequency and increasing the spatial homogene- 
ity of frequencies present within the atrium. 

Quinidine has an anticholinergic effect and a-adrenergic 
blockade. a-Adrenergic receptor block causes vasodila- 
tion, a decrease in peripheral vascular resistance and hypo- 
tension. Reflex stimulation of the sympathetic nervous 
system and the vagolytic properties increases sinus nodal 
discharge rate and produces tachycardia. Improvement in 
atrioventricular nodal conduction will increase the heart 
rate in atrial flutter or fibrillation. By blocking the sodium 
channels, quinidine has a direct myocardial depressant 
effect resulting in decreased inotropy.” 


Pharmacokinetics 


Quinidine is available as quinidine sulfate for oral admin- 
istration and quinidine gluconate for intravenous admin- 
istration. Quinidine should not be given intramuscularly 
due to tissue necrosis. Pharmacokinetics have been 
established for oral quinidine sulfate and intravenous 
quinidine gluconate in the horse. Oral administration of 
22 mg/kg of quinidine sulfate to an adult horse yields 50% 
absorption and a peak plasma concentration of 1.5 ug/mL 
in 2 hours. The therapeutic range of plasma concentration 
of quinidine is 2-5 g/mL.” The average half life of intra- 
venously administered quinidine is 6.5 hours (range 4-12 
hours).** Approximately 80% of plasma quinidine is 
protein bound, especially to the a1-acid glycoprotein, the 
expression of which increases in heart failure. Quinidine 
undergoes both hepatic and renal excretion and is meta- 
bolized by the P450 cytochrome system. Plasma quinidine 
may be increased in patients with hepatic or renal disease 
or congestive heart failure. 


Indications 


Quinidine is the drug of choice for pharmacological con- 
version of atrial fibrillation. Quinidine sulfate is given via 
nasogastric tube at a dosage of 22 mg/kg every 2 hours 
until therapeutic concentrations are achieved (usually 4-5 
doses) or signs of toxicity occur (see Table 7.1). If conver- 
sion has not been achieved after four doses, plasma qui- 
nidine concentrations should be determined prior to the 
next dose to determine if a fifth dose should be given. If 
plasma quinidine concentrations cannot be determined or 
if the concentration is in the therapeutic range, the interval 
of dosing should be increased to every 6 hours. Quinidine 
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may be administered every 6 hours until signs of toxicity 
are seen or conversion is achieved. Plasma quinidine con- 
centrations should be determined daily to prevent toxicity. 
Digoxin can be combined into this protocol at a dosage 
of 0.011 mg/kg orally once a day. This is often initiated 
on the second day of therapy. Plasma digoxin concentra- 
tions should be monitored daily because quinidine 
and digoxin competitively bind with plasma proteins. 
Digitalization of horses with decreased myocardial func- 
tion is recommended prior to treatment with quinidine. 
Diltiazem has also been used in combination with quini- 
dine sulfate in order to control ventricular rate and limit 
the occurrence of ventricular dysrhythmias.** 

Quinidine may also be used for treatment of frequent 
supraventricular and ventricular premature complexes and 
sustained supraventricular and ventricular tachydysrhyth- 
mias. The intravenous dosage of quinidine gluconate is 
2.2 mg/kg bolus every 10 minutes to a total of 8.8-11 mg/ 
kg. Intravenous infusion rate for quinidine gluconate is 
0.7-3.0 mg/kg per hour” (see Table 7.1). 


Adverse effects 


The plasma concentration of quinidine that is associated 
with toxic signs is just above the therapeutic range. Care 
must be taken to monitor plasma concentrations of qui- 
nidine. Prolongation of the QRS complex by 10-20% is 
seen when quinidine levels are in the therapeutic range.** 
An increase in duration of the QRS greater than 25% 
indicates quinidine toxicity. Gastrointestinal signs of qui- 
nidine toxicity are anorexia, flatulence, colic and diar- 
rhoea. Neurological signs include ataxia, bizarre behaviour 
and seizures. Depression and nasal oedema are common 
findings although this latter sign rarely necessitates a 
nasotracheal tube or tracheotomy. Urticaria is an 
uncommon side effect. Hypotension, as a result of a1- 
adrenoceptor blockade may lead to weakness and some- 
times to collapse. Laminitis is a potential complication, 
but its incidence is insignificant in horses receiving oral 
quinidine therapy with no structural cardiovascular 
disease.” Most signs of quinidine toxicity will resolve 
when the drug levels diminish. Life-threatening dysrhyth- 
mias that develop are supraventricular and ventricular 
tachycardia or torsades de pointes. Quinidine toxicity is 
treated with removal of the drug or increasing the dosing 
interval. For more life-threatening toxic side effects sodium 
bicarbonate (0.5-1.0 mEq/kg IV) will increase the amount 
of quinidine bound to albumin decreasing the amount of 
available free drug. Drugs that induce hepatic enzymes 
such as phenobarbital or phenytoin can shorten the dura- 
tion of quinidine’s action by increasing its rate of elimina- 
tion. Supraventricular tachycardia secondary to quinidine 
toxicity is treated with digoxin. Ventricular tachycardia 
and torsades de pointes are treated with intravenous infu- 
sion of magnesium sulfate (55.5 mg/kg diluted in saline 
and given over 20 minutes). 
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Drug interactions 


Quinidine may elevate serum digoxin concentration by 
decreasing the renal clearance, volume of distribution and 
affinity of tissue receptors to digoxin.*® 


Procainamide 


Mechanism of action 


Procainamide exerts electrophysiological effects similar to 
those of quinidine but procainamide does not have the 
anticholinergic effects or cause o-adrenergic blockade. 
Procainamide blocks sodium channels and also has an 
effect on potassium channels and so prolongs the effective 
refractory period, decreases automaticity and slows con- 
duction. Procainamide is eliminated by hepatic metabo- 
lism and renal excretion. It is metabolized to N-acetyl 
procainamide (NAPA), by conjugation by N-acetyl trans- 
ferase. NAPA lacks the sodium channel blocking activity 
of procainamide and acts as a potassium channel blocker, 
prolonging the action potential duration and the effective 
refractory period. NAPA is more slowly eliminated by the 
kidney than the parent drug; therefore, the dosage should 
be adjusted in patients with renal failure to prevent poten- 
tially life-threatening concentrations of procainamide and 
NAPA. The half lives of procainamide (administered IV 
over 10 minutes) and NAPA are 3.49 + 0.61 hours and 
6.31 + 1.49 hours, respectively." Procainamide can be 
administered by intravenous infusion (1 mg/kg/minute IV 
to a total of 20 mg/kg) or orally (25-35 mg/kg every 8 
hours, see Table 7.1). 


Adverse effects 
( ACF, VT) 


Procainamide can depress myocardial contractility in high 
doses. Although it does not exert a-adrenergic blockade it 
may result in vasodilation due to sympatholytic effects on 
the brain and spinal cord.” Torsades de pointes has been 
reported in humans when NAPA concentrations exceeded 
30 ug/mL. Procainamide can be proarrhythmic resulting 
in ventricular tachydysrhythmias. 


Drug interactions 


Procainamide does not increase digoxin concentration. 


Lignocaine 


Mechanism of action 
( ACF, VT) 


Lignocaine (lidocaine) is a class IB antiarrhythmic. It 
blocks sodium channels and shortens the action potential. 
Lignocaine decreases cardiac excitability, cardiac impulse 


conduction and abnormal automaticity and eliminates 
large disparities in myocardial refractoriness. Lignocaine 
decreases automaticity in the ventricular myocardium by 
decreasing the slope of phase 4 of the cardiac action 
potential and increasing the threshold for excitability. It 
does not affect normal sinus nodal automaticity. Part of 
its effect may be to inhibit cardiac sympathetic nervous 
system activity. ? Heart rate, arterial blood pressure, 
cardiac contractility and cardiac output are minimally 
affected following intravenous doses of lignocaine.” 
Lignocaine is not effective against atrial dysrhythmias. 


Pharmacokinetics 


Lignocaine is most effective when administered by the 
intravenous route through bolus or infusion. The half life 
for lignocaine following intravenous administration is very 
short due to active hepatic metabolism. ® Oral administra- 
tion of lignocaine is subject to first-pass elimination by the 
liver and produces high concentrations of potentially toxic 
metabolites. Intramuscular administration has resulted in 
sporadic absorption patterns, low plasma lignocaine con- 
centrations and poor antiarrhythmic efficacy.” Because of 
the propensity to cause seizures at a dose greater than or 
equal to 1.5 mg/kg the dose should be administered in 
0.5 mg/kg boluses with 5 minutes between doses. Alter- 
natively, continuous rate infusions can be given at a rate 
of 0.05 mg/kg/minute after a loading bolus of 1.3 mg/kg 
given over 5 minutes” (see Table 7.1). The therapeutic 
range of plasma concentrations is 1.5-5.0 g/mL.” 


Adverse effects 


Lignocaine may induce neurological signs including sei- 
zures in horses following rapid intravenous administra- 
tion. Nervous signs include agitation, excitement, sweating, 
tachycardia and seizures. Nervous signs usually resolve as 
the lignocaine concentration decreases. Seizures can be 
treated with diazepam (0.2 mg/kg IV). Because lignocaine 
is metabolized by the liver, diseases of the liver and con- 
gestive heart failure may prolong the duration of action of 
lignocaine and predispose to toxicity.” Beta-adrenoceptor 
blockers can decrease hepatic blood flow and increase 
serum lignocaine concentrations. In congestive heart 
failure, the central volume of distribution is decreased so 
the total dose should be decreased.” Lignocaine does not 
have a significant effect on haemodynamics. 


Phenytoin 


Mechanism of action 


Phenytoin is an anticonvulsant and has been used to treat 
a variety of muscle disorders in the horse. Because of its 
ability to block sodium channels in the heart, it is used 
to suppress ventricular dysrhythmias due to digitalis 
intoxication in humans. Phenytoin effectively abolishes 
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abnormal automaticity caused by digoxin toxicity in 
humans” and has been used for this purpose in the 
horse.” Phenytoin decreases the action potential duration 
more than it shortens the effective refractory period, 
increasing the ratio of effective refractory period to action 
potential duration. Phenytoin can cause depolarized cells 
to repolarize by increasing potassium conductance The 
rate of rise of action potentials initiated early in the relative 
refractory period is increased as is membrane responsive- 
ness, possibly reducing the chance for impaired conduc- 
tion and block. In digitalis toxicity in humans, phenytoin 
may reduce the traffic in cardiac sympathetic nerves. It 
undergoes extensive first pass hepatic metabolism. Pheny- 
toin administered orally was used to successfully treat 
ventricular extrasystoles and ventricular tachycardia in 
seven horses that were refractory to other antiarrhythmic 
therapies.** In all cases ventricular extrasystoles or ventricu- 
lar tachycardia was reduced or abolished within 2-6 hours 
after the first dose of phenytoin. Normal sinus rhythm was 
attained within four doses of phenytoin in all cases. 


Pharmacokinetics 


Therapeutic concentrations are 10-20 ug/mL in humans. 
The dosage for phenytoin in the horse is 10-22 mg/kg 
orally every 12 hours (see Table 7.1). 


Propafenone 


Mechanism of action 
(— VT) 


Propafenone is a class IC sodium channel blocker. Propaf- 
enone decreases excitability and suppresses spontaneous 
automaticity and triggered activity. Effects on action 
potential vary with the species. It suppresses sinus nodal 
automaticity. Propafenone is used in the treatment of sus- 
tained supraventricular and ventricular tachycardia and 
ventricular premature complexes in humans. Propafenone 
was unsuccessful in converting horses with naturally 
occurring and experimentally induced atrial fibrillation 
when administered as an intravenous bolus followed by 
an intravenous infusion lasting 2 hours.” 


Adverse effects 


High doses produce negative inotropy. Patients with 
decreased left ventricular function may have a worsening 
of symptoms. Propafenone also acts as a beta-adrenergic 
antagonist and may produce sinus bradycardia and 
bronchospasm. 


Pharmacokinetics 


Pharmacokinetics have not been established in horses. 
Dosages for intravenous and oral use in the horse that 
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have been extrapolated from human dosages are 0.5- 
1 mg/kg in 5% dextrose slowly IV over 5-8 minutes 
and 2 mg/kg every 8 hours orally.* In humans maximum 
therapeutic effects occur at serum concentrations of 
0.2-1.5 ug/mL. Elimination is by hepatic and renal routes. 


Drug interactions 


Quinidine may inhibit metabolism of propafenone. 
Propafenone increases the plasma level of warfarin and 
digoxin. 


Flecainide 


Flecainide is a class IC sodium channel blocker that pro- 
longs the cardiac action potential. It has been used to treat 
atrial fibrillation in humans with lone atrial fibrillation 
using both intravenous and oral administration.*” The 
pharmacokinetics of flecainide have been established in 
the horse.“" It was ineffective when used intravenously 
in chronic atrial fibrillation.**** Furthermore, potential 
life-threatening ventricular dysrhythmias were seen in 
some horses." Therefore, intravenous flecainide cannot be 
recommended for the treatment of atrial fibrillation. 
However, a protocol for oral administration of flecainide 
has been used successfully in an experimental AF model,” 
and at the current time, in one naturally occurring case*’ 
(see Table 7.1). Collapse and sudden death was associated 
with the administration of oral flecainide in two horses 
with naturally occurring atrial fibrillation.** Both horses 
had been treated with multiple oral doses of quinidine 
sulphate, with the last dose only 12-24 hours prior to 
beginning treatment with flecainide. These adverse effects 
may have been the result of quinidine-induced inhibition 
of flecainide metabolism or the combined proarrhythmic 
effects of quinidine and flecainide. 


Class Il antiarrhythmics drugs 


Propranolol 


Mechanism of action 
( AF) 


B-Blockers competitively inhibit catecholamine binding at 
B-adrenergic receptors. Propranolol blocks sodium chan- 
nels and is a non-specific B-adrenoceptor blocking agent, 
although most of its effects are due to B, blockade. It slows 
spontaneous automaticity in the sinus node or in the 
Purkinje fibres that are being stimulated by adrenergic 
tone. The P-R interval lengthens, atrioventricular nodal 
conduction is slowed, and the effective and functional 
refractory periods are increased. Propranolol may be 
used for the control of supraventricular and ventricular 
tachydysrhythmias and may be useful in treating 
digoxin-induced dysrhythmias such as atrial tachycardia, 
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nonparoxysmal atrioventricular junctional tachycardia, 
premature ventricular complexes or ventricular tachycar- 
dia. Therapeutic concentrations of propranolol slows 
the heart rate and decreases cardiac contractility. It is 
rapidly metabolized by the liver and oral bioavailability 
is low due to the first pass effect in horses.’ Caution 
should be used when administered to animals with 
clinical signs of congestive heart failure or impaired 
hepatic blood flow.” 


Dosage 


Dosage should be titrated to individual response to 
therapy such as a reduction in heart rate. The initial intra- 
venous dose should not exceed 0.1 mg/kg slowly over 1 
minute. Single IV doses >0.3 mg/kg can cause bradycardia, 
hypotension and muscular weakness in horses with 
heart disease.”° (see Table 7.1). Pharmacokinetic studies 
of propranolol in horses indicate that therapy 3-4 
times a day is required to maintain therapeutic plasma 
concentrations.” 


Adverse effects 


Propranolol exerts negative inotropic effects and can pre- 
cipitate or worsen heart failure. Due to the role of B,- 
adrenoceptors in maintaining bronchial smooth tone, 
nonselective effects of propranolol may worsen broncho- 
spasm of recurrent airway disease. The prevailing sympa- 
thetic tone determines the pharmacological response to 
propranolol and accounts for the variability in response 
to the drug. 


Class III antiarrhythmic drugs 


Amiodarone 
(AF) 


Amiodarone has been evaluated for the treatment of atrial 
fibrillation in the horse using a continuous rate infusion. 
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INTRODUCTION 


Despite the lack of gross changes to the tricuspid valve at 
post mortem examination,’ Stockman, an Edinburgh 
pathologist, believed tricuspid regurgitation (TR) to be the 
commonest affliction of the horse.* This diagnosis made 
solely by auscultation has been supported by more recent 
epidemiological studies using Doppler echocardiogra- 
phy.* However, despite the increased availability of this 
more sensitive diagnostic technique, auscultation remains 
the principal means to evaluate the equine heart.’ Opin- 
ions differ as to the accuracy of auscultation when used to 
diagnose cardiac murmurs. Young and Wood? reported 
100% specificity for the diagnosis of mitral regurgitation 
(MR) and TR whereas Naylor and others? reported poor 
accuracy for the diagnosis of a recording of a cardiac 
murmur; accuracies of 29, 33 and 53% were reported for 
second year veterinary students, general practitioners and 
diplomates of a European or American College of internal 
medicine, respectively. The accuracy of diagnosis was 
shown to be significantly influenced by training with only 
diplomates being able to reliably differentiate systolic 
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from diastolic murmurs, although the ability to hear the 
physical properties of the murmur remained unchanged. 
However, other authors also believe that a high degree of 
accuracy can be achieved for the diagnosis of most 
murmurs in the living animal*® and agree that Doppler 
echocardiography, by increasing our knowledge of the 
origin of many types of murmur? has improved teaching 
and learning, further improving the accuracy of diagnosis 
by auscultation. This chapter aims to improve diagnostic 
skill by describing how to differentiate the common 
cardiac murmurs in horses. Recordings of a variety of 
cardiac murmurs are presented in the case studies included 
with this book. However, it must be remembered that the 
challenge in diagnosis is not in hearing and diagnosing 
the cause of a cardiac murmur on a recording but in 
finding and accurately localizing the origin of a murmur 
in a live animal. With a thorough understanding of normal 
cardiac physiology, accuracy in diagnosis can be achieved, 
providing auscultation is undertaken in a quiet environ- 
ment and sufficient time and thought is put into the 
examination. A thorough systematic physical examination 
before reaching for a stethoscope will help in identifying 
the significance of any cardiac murmurs and prevent such 
murmurs from being overlooked. 


AETIOLOGY OF CARDIAC MURMURS 


A murmur is a series of auditory vibrations’ occurring 
during a normally silent period of the cardiac cycle.® 
Murmurs have been attributed to the presence of turbulent 
blood flow,”” periodic wake fluctuations" or to eddy and 
vortex formation causing vibration of solid structures.'”"* 
Murmurs can be associated with congenital cardiac 
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abnormalities,“ and often develop as a result of valvular 
dysfunction,” but they are also present in a large number 
of clinically normal horses.*'°'”?® 

Turbulent flow occurs when blood flows at high velocity 
in wide tubes” and has been recorded in the aorta of clini- 
cally normal horses during ventricular systole and in the 
left ventricle during rapid filling.” Murmurs during ven- 
tricular ejection and filling are audible in up to 50% and 
15% of normal horses, respectively. The intensity of 
these physiological flow murmurs varies and tends to 
increase with excitement.’’ In disease states, e.g. MR and 
aortic regurgitation (AR) where there is an increase in the 
blood flow velocities during rapid ventricular filling and 
ventricular ejection, respectively, flow murmurs may 
become audible.” Turbulent flow is also present during 
increased flow states, e.g. anaemia and exercise.” 

Turbulent jets with eddies and vortices at their bounda- 
ries are produced when blood flows through narrow 
orifices into wide channels, as occurs during valvular 
regurgitation.” Sound is also thought to be produced by 
jets directly striking vessel or chamber walls. "° 


IDENTIFICATION OF NORMAL 
HEART SOUNDS 
( EA) 


It is necessary to identify the normal sounds to accurately 
time and therefore diagnose the cause of cardiac murmurs. 
Low-frequency sounds are easily palpated and the low 
frequency components of the first, second and third heart 
sounds can be palpated in the left cardiac area of slim 
athletic horses. Palpation of the left cardiac area before 
auscultation will help the examiner to concentrate on the 
heart rate and rhythm, the identification of the heart 
sounds and any abnormal vibrations before being dis- 
tracted by the presence of cardiac murmurs. 

The first (S1) and second (S2) heart sound can be heard 
at the level of the apex beat and mark the beginning and 
end of systole, respectively. The first sound is a relatively 
long sound compared to S2 and occurs at the onset of 
ventricular ejection. It is caused by the initial movement 
of the ventricle, the abrupt arrest of intracardiac blood 
flow as the atrioventricular (AV) valves tense, and the early 
part of ejection.'®?? The second heart sound, which is 
shorter and higher pitched than S1, is caused by the 
change in direction of blood flow in the aorta and pulmo- 
nary trunk at the end of systole, closing the aortic and 
pulmonary valves.'° In athletic horses with low resting 
heart rates, two components of S2 (of pulmonic and aortic 
origin) can often be distinguished when the stethoscope 
is positioned over the pulmonary valve area. However, 
two separate sounds can only be heard if they are sepa- 
rated by more than 30 ms,” which only occurs at low 
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heart rates. There is marked variation between individual 
clinicians in their ability to distinguish sounds that are 
close together; however, this does not influence their 
ability to accurately diagnose the cause of cardiac murmurs. 
Very marked separation or differences in intensity of the 
two components of S2 may occur in disease states, e.g. 
pulmonary hypertension. 

The third heart sound (S3) is commonly heard in 
Thoroughbred-type horses. It occurs at the end of the 
active relaxation of the ventricle and is associated with the 
abrupt checking of the outward movement of the ventricu- 
lar walls.” It can be differentiated from a split S2 by the 
different location in which it is heard and its timing. The 
third heart sound is commonly heard at or slightly caudal 
and dorsal to the apex beat, whereas a split S2 is heard 
cranially over the pulmonary valve area. The two compo- 
nents of S2 are temporally very close together and of 
similar frequency whereas S2 and S3 are more widely 
separated with S3 being of lower frequency (Fig. 8.1). 
The intensity of S3 is often increased in horses with 
atrial fibrillation and in those with very severe MR. 
(AE RCT, VMD) 

The fourth heart sound (S4) is associated with the tran- 
sient closure of the AV valves following the atrial contrac- 
tion and the sudden checking of the distended ventricle.'° 
It is commonly heard in Thoroughbred-type horses closely 
preceding S1 (see Fig. 8.1) but is heard less commonly in 
ponies. An earlier group of vibrations associated with the 
atrial contractions and AV blood flow is not normally 
audible at the thoracic wall. A split S1, where the two 
sounds are of similar frequencies, is less commonly heard 
and is due to separation of the sounds originating from 
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Figure 8.1 (A) Timing of heart sounds commonly audible 
over the apex beat in resting horses. S1 and S2 are of higher 
frequency than S4 and S3 and are therefore heard more 
clearly. (B) Timing of heart sounds commonly audible over 
the pulmonary valve area in resting Thoroughbred horses. 

In this location S3 is not usually audible, S4 may or may not 
be audible, and S2 may be split. 


the left and right ventricle. This is most commonly identi- 
fied in horses with atrial fibrillation where the atrial con- 
traction and S4 is absent. This can cause difficulties in 
diagnosis as the split S1 can be mistakenly identified as 
S4 and S1. 

The choice of stethoscope will not limit the cardiac 
examination as much as the amount of care and thought 
taken using it; however, various factors should be consid- 
ered. Higher frequency sounds (e.g. S1 and S2, and AV 
valve regurgitation) are damped by a large volume of air 
between the chest and the ear piece.’ Thicker and shorter 
tubing decreases the audibility of extraneous noise; there- 
fore, short stethoscopes 10-12 inches (25-30 cm) are 
advantageous.’ The diaphragm of the stethoscope damps 
out lower frequency sound whereas the bell of the stetho- 
scope is more suitable for detecting these sounds (e.g. S3 
and S4, and diastolic murmurs). Cardiovascular sounds 
and murmurs are usually in the range 20-1000 Hz but the 
human ear is most sensitive within the range 1000- 
4000 Hz. Due to the decreased sensitivity of the human 
ear to low frequency sounds these must be of greater 
amplitude to reach the threshold of audibility of a sound 
of higher frequency.” Sensor-based electronic stetho- 
scopes are now available which allow the operator to 
increase the amplitude of detected sounds and to select 
the frequency range over which they wish to listen. A 
frequency range of 20-420 Hz has been set by one manu- 
facturer to correspond to the “bell” of the stethoscope for 
the detection of most heart sounds and murmurs, whereas 
350-1900 Hz is used to represent the diaphragm mode to 
detect higher frequency sounds (high frequency murmurs, 
clicks, ejection sounds and lung sounds). Sensor-based 
stethoscopes allow data to be stored digitally and replayed 
or analysed at a later date. 


IDENTIFICATION OF MURMURS 


The differentiation of the various cardiac murmurs in 
horses can be difficult: especially the systolic murmurs that 
are the most common, and can arise from a number of 
sites.°°*’ In addition to the high prevalence of physiologi- 
cal flow murmurs in horses,'”'*?° MR and TR have been 
shown to develop in Standardbred* and Thoroughbred 
racehorses in response to training with up to 30% of 
normal young Thoroughbred racehorses  affected.* 
Reduced athletic performance is also common in race- 
horses but it is important to recognize that cardiac 
murmurs are often an incidental finding in these horses.” 
Recently there has been extensive research on the relation- 
ship of cardiac murmurs to performance;*” murmurs of AV 
regurgitation are not necessarily associated with perform- 
ance limitations and this is discussed in more detail in 
Chapter 16. 
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Cardiac murmurs are classified and diagnosed based on 
the following criteria: location, timing, quality, radiation 
and intensity. 


Location 
( EA) 


The point of maximum intensity (PMI) of a cardiac 
murmur is generally located over the site of turbulence,” 
and gives an indication of the origin of the murmur. ^33? 
As most cardiac murmurs in horses originate from the 
cardiac valves, it is important to be able to relate the PMI 
of any murmur to the location of the cardiac valves. The 
apex beat, which can be palpated over the left thoracic wall 
at the level of the olecranon process, locates the PMI of 
sounds originating at the mitral valve (mitral valve area) 
and a murmur of MR will be heard most clearly at this 
location.** 

Once the apex beat is located the other valve areas can 
be identified from changes in the intensity of the heart 
sounds. The first heart sound is heard most clearly over 
the apex beat, whereas S2 is heard most clearly dorsal and 
cranial to the apex beat. This is the site to which sounds 
originating at the aortic valve most commonly radiate. 
Sounds originating from the pulmonary valve are audible 
cranial and ventral to the aortic valve area with the stetho- 
scope pushed cranial beneath the triceps mass. The pul- 
monary valve area can be identified more precisely in 
horses where a split S2 can be heard (see Fig. 8.1). 

Sounds originating from the tricuspid valve are audible 
over the right hemithorax, cranial to the location of the 
apex beat palpated on the left side of the chest. It is 
helpful to localize valve areas from the apex beat, rather 
than by identifying specific intercostal spaces in relation 
to the olecranon process, as horses vary in the placement 
of the forelimbs. If auscultation is always commenced 
by placing the stethoscope immediately behind the triceps 
mass, this will result in too caudal a placement in most 
cobs, the heart sounds will appear quieter and murmurs 
may be missed. This is especially true when auscultating 
the right side of the thorax. In some horses it is neces- 
sary to place the stethoscope well forward under the 
triceps mass or position the right forelimb cranial to 
hear the sounds and murmurs associated with the tri- 
cuspid valve. 

Although the mitral, aortic, pulmonic and tricuspid 
valve areas are the main areas for cardiac auscultation, 
auscultation should not be limited to these areas. The 
stethoscope should be kept in contact with the thoracic 
wall as it is moved between the valve areas, as this decreases 
the chances of missing audible sounds and murmurs. 
Radiation of murmurs will be influenced by thoracic con- 
formation, chamber enlargement and the direction of 
abnormal blood flow. 
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Timing 
( EA) 


The causes of cardiac murmurs can be further differenti- 
ated from their timing within the cardiac cycle.?”* 
Murmurs may be systolic ( AF JE, RCT, RSD, SFP, 
VMD, VSD), diastolic ( AE, AR, CCD, IE, RSD) or 
continuous ( AF). Once the stethoscope is located over 
the apex beat it should be moved around until S1 is heard 
most clearly. The clinician should then listen to the rate 
and rhythm, identify the heart sounds present and then 
listen to systole (the period between S1 and S2) and dias- 
tole (the period between S2 and S1) for the presence of 
cardiac murmurs.” This process should then be repeated 
as the stethoscope is moved over the other valve areas. The 
underlying heart rhythm can then be identified and super- 
imposed on the murmur to confirm timing. If it is still 
difficult to differentiate systole from diastole due to the 
heart sounds being obscured by a murmur, it is helpful to 
remember that diastole is longer than systole therefore a 
very long murmur is more often diastolic (see Fig. 8.1). If 
the heart sounds are obscured by a murmur such that 
systole and diastole cannot be identified, it is helpful to 
find a location where the heart sounds can still be heard 
and the murmur is less prominent or to palpate the arterial 
pulses while asculating the heart: a systolic murmur will 
be coincident with the pulse whereas a diastolic murmur 
alternates with the pulse. The heart rate and the regularity 
of the underlying rhythm should always be recorded as 
this will help in appreciating the significance of any 
cardiac murmur. A horse in congestive cardiac failure will 
have an increased heart rate 60-70 beats per minute. Dis- 
turbances in cardiac rhythm are discussed more fully in 
Chapter 13. 

Systolic murmurs result as blood regurgitates through 
incompetent AV (mitral and tricuspid) valves or as blood 
is ejected through the semilunar (aortic and pulmonic) 
valves. MR and TR are common causes of systolic murmurs 
in adult horses.'°'®?° 8° Systolic ejection murmurs occur 
when there is increased flow through the semilunar valves, 
obstruction to ventricular outflow (valve stenosis), valvu- 
lar damage without stenosis or dilatation of the vessel 
beyond the valve.” Systolic ejection murmurs have been 
recorded over the aorta and pulmonary artery in clinically 
normal horses. Aortic and pulmonic stenosis, although 
common in man’ and dogs,” have been rarely reported in 
horses.* Pulmonic stenosis has been reported in foals with 
multiple cardiac abnormalities related to tetralogy of 
Fallot***” but hardly ever presents as an isolated finding.**” 

Due to variations in terminology, there is confusion in 
the veterinary literature as to the incidence of aortic steno- 
sis in horses. Congenital stenosis of the aortic valve is a 
rare occurrence.'**°-*? However, acquired stenosis may 
develop in cases of endocarditis’ and a relative stenosis 
can occur due to increased blood flow through the valve, 
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in cases with severe AR.” Confirmed reports of aortic ste- 
nosis causing obstruction to blood flow are rare.“ 

Diastolic murmurs can be divided into three categories: 
atrial systolic murmurs (presystolic) occurring between 
S4 and S1, ventricular filling murmurs occurring between 
S2 and S3, and regurgitant murmurs from the aortic 
and pulmonary valves.** Presystolic murmurs and ven- 
tricular filling murmurs are audible in clinically normal 
horses.'°'”!565 Stenosis of the AV valves is extremely 
rare; therefore, the most likely cause of a diastolic murmur 
extending beyond the third heart sound is incompetence 
or regurgitation of the semilunar valves - most likely the 
aortic valve. 

Continuous murmurs start in systole and extend 
through $2 into diastole." They result from aortopulmo- 
nary, aortocardiac or arteriovenous connections or from 
flow disturbances in arteries and veins. The most common 
aortopulmonary connection is the patent ductus arterio- 
sus although in adult horses, a murmur audible through- 
out systole and diastole is more likely to be due to a 
combination of two or more separate murmurs. ( ACF) 

Differentiation of the timing within systole and diastole 
can further aid diagnosis. Ejection murmurs are early to 
mid systolic and end before S2,'°** whereas regurgitant 
murmurs may occur at any time during systole (early, mid, 
late) and may extend beyond S82. This can be easily under- 
stood by reference to the pressure changes in the heart and 
great vessels during the cardiac cycle (Fig. 8.2), although 
there is some confusion in the terminology used to 
describe these murmurs. The term pansystolic describes a 
murmur which begins with or replaces S1, continues 
throughout systole and ends beyond S2, whereas the term 
holosystolic describes a murmur which starts at the end 
of S1 and continues to the start of S2, although some 
authors use the terms interchangeably.” Murmurs that last 
throughout systole and extend beyond S2 are likely to be 
of greater clinical significance than those murmurs which 
occupy only part of systole’ and it is helpful to reserve 
the term pansystolic to describe these longer murmurs as 
this represents clinically important information. 

Diastolic murmurs associated with ventricular filling 
end with S3, which marks the end of rapid filling caused 
by active relaxation of the ventricle, whereas the murmur 
of AR is often present throughout diastole’’*° (Fig. 8.3). 
In order to differentiate these murmurs and the presystolic 
murmur, it is necessary to be able to identify the normal 
heart sounds and be aware of the normal timing of these 
sounds, so that murmurs can be diagnosed in horses in 
which S3 and S4 are not readily audible. 


Frequency 


( EA) 


Most murmurs are noisy and are composed of a broad 
range of frequencies; however some, termed musical, have 


S4 S1 S2 S3 S4 


Figure 8.2 (A) Ventricular pressure (LVP) exceeds atrial 
pressure (LAP) from the onset of S1 until after S2. Therefore 
the murmur of mitral regurgitation can start with S1 and 
may continue until after S2 (pansystolic). (B) Ventricular 
pressure (LVP) exceeds aortic pressure (AoP) during the first 
two-thirds of ejection. In the last third forward flow is 
maintained by the momentum imparted to the column of 
blood. Therefore, the ejection murmur occurs in the first 
two-thirds of systole, when blood flow is fastest, and ends 
before S2. 


a pure tone being composed of harmonic frequencies.“ 
Many terms are used to describe cardiac murmurs although 
these are not used in a consistent manner. The terms 
musical, buzzing, honking and blowing are used most 
consistently**; musical, buzzing and honking are used to 
describe harmonic murmurs with a peak dominant fre- 
quency. Low-frequency harmonic murmurs are described 
as buzzing whereas higher frequency harmonic murmurs 
are described as musical. The term honking was used to 
describe harmonic murmurs of very short duration 
although an alternative and possibly less confusing 
approach would be to describe these murmurs as short 
musical or buzzing murmurs. The term blowing was 
predominantly used to describe noisy murmurs without 
harmonics. However, as any murmur not described as 
musical or buzzing can be assumed to have no harmonic 
frequencies the use of the term blowing is probably 
unnecessary. 

The frequency or pitch of a murmur may aid diagnosis 
of the underlying cause.®? The diastolic murmur of AR is 
often musical, whereas the diastolic murmur associated 
with ventricular filling in healthy young horses often 
presents as a high-pitched squeak.” ( ` AR) 
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Figure 8.3 (A) The period between S2 and S3 marks the 
rapid filling of the ventricle when the pressure gradient 
between the atrium (LAP) and ventricle (LVP) is greatest. 

A murmur caused by ventricular filling may be audible in 
normal horses at this time. (B) The murmur of aortic 
regurgitation starts with S2 as the aortic valve closes. Aortic 
pressure (AoP) remains higher than ventricular pressure 
throughout diastole until the start of ventricular systole. 
Therefore, the murmur of aortic regurgitation may continue 
throughout this period. 


Radiation 


The direction in which a murmur radiates over the body 
surface also helps in localizing the site of origin.” The 
murmur caused by a membranous ventricular septal defect 
(VSD) is audible over the right hemithorax at the level of 
the tricuspid valve. It can be differentiated from the 
murmur of TR because it radiates cranially and ventrally 
towards the sternal border. Murmurs of AR tend to radiate 
to the left hemithorax at the aortic valve level; however, 
when the degree of valvular dysfunction increases, 
the murmur is also audible over the right hemithorax. 
(AR, VSD) 

The area over which a murmur radiates also gives an 
indication of its likely significance.” Therefore, once a 
murmur has been identified, the stethoscope should be 
moved around the thoracic wall to determine the extent 
of its radiation. The more widely the murmur radiates 
the more clinically significant the lesion is likely to be. 
However, this information must be used in conjunction 
with knowledge of the murmur’s frequency. If a murmur 
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has harmonic frequencies, i.e. it is musical or buzzing, 
radiation will not be related to severity.” Musical or 
buzzing murmurs can be heard over a very large area and 
yet be of limited clinical significance. 


Intensity 


Murmurs may also be differentiated by characteristic vari- 
ations in their intensity.*** The murmur of AR decreases 
in intensity throughout diastole (see Fig. 8.3) and may 
increase in intensity immediately following S4.'°“° Systo- 
lic ejection murmurs often increase in intensity, reaching 
a crescendo in mid-systole, and then decrease,'°** whereas 
regurgitant murmurs are usually of constant intensity” 
and are described as band shaped? (see Fig. 8.2). The 
intensity of heart murmurs is graded using either a grade 
1-6 system”? or a 1-5 system.” Grade 4-5/5 and 5-6/6 
murmurs are associated with a palpable precordial thrill 
and are thought always to be associated with significant 
cardiovascular dysfunction.” Precordial thrills are pal- 
pable manifestations of loud harsh murmurs of low 
frequency’ and it is these murmurs that are more likely 
to be associated with significant cardiovascular disease 
in horses. 

The significance of the intensity of a murmur is debat- 
able. Some authors have suggested that innocent murmurs 
in healthy horses are always grade 3/5 or less.**! However, 
not all serious valvular lesions cause loud murmurs and 
not all loud murmurs arise from serious valvular lesions.” 
This is supported by the use of colour flow Doppler 
echocardiography which has confirmed grade 4/6 ejection 
murmurs in a small number of normal horses. The inten- 
sity of a murmur is governed by the quantity and velocity 
of blood flow across the sound-producing area,’ the dis- 
tance from the stethoscope and the ease of transmission 
of the sound through the various tissues between the 
stethoscope and the origin of the murmur. High-frequency 
musical murmurs tend to be more easily audible than 
low-frequency noisy murmurs for a given degree of valvu- 
lar dysfunction.” Restrictive VSDs which are of no clinical 
significance may give rise to a loud murmur, whereas loud 
murmurs of MR and TR are usually associated with marked 
valvular dysfunction. ( VSD) A study in human patients 
has shown that the audibility of regurgitant murmurs is 
highly dependent on the severity of regurgitation; mild 
regurgitation detected by Doppler echocardiography was 
associated with quieter murmurs that were only audible 
in 10-40% of cases whereas severe regurgitation caused 
murmurs that were audible in 86-100% of cases.” 
Murmurs of severe MR and TR, however, will reduce in 
intensity as the heart goes into failure. Therefore, it is 
important to make an accurate diagnosis of the cause of a 
particular murmur before using the intensity as an indica- 
tion of severity. It must be noted that with the exception 
of musical or buzzing murmurs, the radiation of a particu- 
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lar murmur often gives a greater indication of severity than 
the intensity alone. 


DIAGNOSIS OF SPECIFIC MURMURS 


Left-sided systolic murmurs 
( AF, CCD, IE, RCT, RSD, SFP, VMD) 


The most common causes of left-sided systolic murmurs 
in adult horses are normal ventricular ejection and MR. It 
is often important to differentiate these two murmurs, as 
the former is not indicative of valvular disease, whereas a 
murmur of MR may be associated with valvular dysfunc- 
tion although this may or may not be progressive and it 
may or may not impact on the horse’s general health and 
athletic capacity. 

Aortic stenosis is very rare in horses (see section on 
Timing above) and can effectively be ignored in the dif- 
ferential diagnosis of a systolic murmur in adult horses. 
MR can range in its severity from clinically insignificant to 
life threatening. It is the most common cause of cardiac 
failure in horses. However, the progression of the disease 
in mild to moderate cases of regurgitation, and the under- 
lying pathology, is not fully understood. Difficulty in the 
diagnosis of systolic murmurs has been reported in 
humans,” and a left-sided systolic murmur is the most 
common reason for referral for further diagnosis using 
echocardiography in horses. 


Differentiation of mitral 
regurgitation and functional 
ejection murmurs 


( EA) 


Functional ejection murmurs are caused by disturbed 
blood flow” and can be heard over the aorta and pulmo- 
nary artery during systole.'° They occur in clinically normal 
horses, the earliest report describing them in 66% of 
normal horses.” Later studies have supported this obser- 
vation.*'° They can usually be differentiated from murmurs 
of MR using the methods described above. The PMI of 
functional ejection murmurs is over the aortic or pulmo- 
nary valve, whereas that of MR is over the apex beat. 
Problems in diagnosis arise when the PMI of the murmur 
lies between the aortic valve area and the apex beat or 
when loud ejection murmurs radiate to the cardiac apex." 
This is especially true in horses with colic, which com- 
monly have loud systolic ejection murmurs that extend to 
the cardiac apex. These are not associated with cardiac 
pathology and disappear as the horse recovers. Similarly 
MR murmurs may radiate dorsally towards the aortic 
valve, making differentiation difficult. In these cases diag- 


nosis can be aided by attempting to alter the intensity of 
the functional murmur. Functional murmurs have been 
shown to change in character following exercise, some 
disappearing and some becoming more accentuated.'°*° 
Some ejection murmurs only become apparent during 
exercise or excitement.'® Most often functional murmurs 
tend to increase in intensity if the horse is turned quickly 
in the loose box, or stopped abruptly after a brief trot. 
After more prolonged exercise more appropriate to the 
animal's fitness, many functional murmurs disappear. By 
changing the intensity of the functional murmur it is 
usually possible to locate the PMI more accurately. Horses 
with a systolic murmur in which the PMI is located 
between the two sites are often found to have a functional 
murmur and mild MR. Functional murmurs never have a 
precordial thrill. 

The timing of the murmur can also be used to differenti- 
ate functional ejection murmurs from the murmur of MR. 
Ventricular pressure is higher than atrial pressure from the 
onset of the S1 until after S2 (see Fig. 8.2). Therefore, 
regurgitation may occur throughout this period. Ejection, 
however, can only start when the ventricular pressure 
exceeds arterial pressure at the end of S1 and always ends 
before the S2 arising from that side of the heart.” The 
functional ejection murmur is caused by disturbed high- 
velocity blood flow in the early part of ejection. Figure 8.4 
shows that the velocity of aortic flow increases in the first 
third of ejection, decreases in the second third and then 
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forward flow is maintained only by the momentum 
imparted to the column of blood. Therefore, ejection 
murmurs are only audible in early to mid-systole and do 
not extend to S2. Classically, ejection murmurs are 
described as crescendo-decrescendo. They increase in 
intensity as the velocity of flow increases in the first third 
of systole and then decrease in intensity in the second 
third. A systolic murmur over the left hemithorax that 
continues to S2 is most likely to be caused by MR 
(Fig. 8.5). In small animals where valvular stenosis is a 
differential in the diagnosis of systolic murmurs, this 
assumption cannot be made. Although a murmur of 
valvular stenosis will end before the S2 originating from 
the valve on that side, it may continue up to or beyond 
the S2 component originating from the other semilunar 
valve giving the impression that the murmur continues 
to S2.” 

Unfortunately regurgitant murmurs do not always con- 
tinue throughout systole. Depending on the cause, 
murmurs of MR may be early, mid-, late, pan (ending after 
S2) or holosystolic (ending at the start of S2) (see Fig. 8.5). 
MR may be caused by rupture of the chordae tendineae of 
the valve,™”™ thickening and rounding of the valve leaf- 
lets,” papillary muscle dysfunction,” dilatation of the 
mitral valve annulus,” congenital abnormalities,°° infec- 
tive endocarditis (rare) or associated with no obvious 
underlying pathology. Murmurs associated with a major 
chordal rupture usually continue throughout systole 


Figure 8.4 Transoesophageal 
Doppler echocardiograph 
showing the velocity of blood 
flow in the aorta (gold signal). 
Velocity is on the y-axis (right) in 
m/s. Time is on the x-axis. The 
ECG is at the bottom of the 
image (purple trace). Flow in the 
aorta is not recorded until the 
left ventricular pressure (blue 
trace) exceeds aortic pressure 
(green trace). The velocity of 
flow then increases rapidly in 
the first third of systole to 
approximately 1.2 ms. The blood 
decelerates in the second third 
of systole to approximately 

0.6 m/s. In the last third of 
systole when aortic pressure is 
greater than left ventricular 
pressure, forward flow is 
maintained by the momentum 
imparted to the column of 
blood. 
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and end after S2. Whilst the timing and intensity of the 
regurgitant murmur may give an indication of the underly- 
ing cause further tests are required for a definitive diagno- 
sis of the cause of the valvular regurgitation (see Chapters 
9 and 16). ( ` AF RCT) 

Murmurs of MR are most commonly band or plateau 
shaped, being of constant intensity throughout, or cre- 
scendo, increasing in intensity throughout. ( ` SFP) Cre- 
scendo murmurs are thought to be due to mitral valve 
prolapse, the valve being competent during the start of 
systole, but prolapsing into the left atrium at the end of 
systole (see Fig. 8.5). These murmurs are relatively easy to 
diagnose due to this characteristic sound, the PMI and the 
fact that they continue to S2. Murmurs of MR that are 
limited to early or mid-systole are difficult to differentiate 
from the functional ejection murmur; however, in these 
cases the severity of MR is usually mild. 

If the murmur of MR is not buzzing, severity can be 
assessed from the intensity and the area of auscultation of 
the murmur. Generally, for regurgitant murmurs the 
louder the murmur the more severe the valvular dysfunc- 
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Ejection murmur 


Figure 8.5 Differential diagnosis of common systolic 
murmurs in horses (A-C) Left-sided murmurs. 
(A) Classical shape of mitral regurgitation and 
ejection murmurs. Murmurs of mitral regurgitation 
are classically pansystolic, i.e. starting with S1 and 
extending into S2. Ejection murmurs are crescendo- 
| decrescendo in appearance and end before S2. These 
g3 Murmurs can be differentiated by their differing 
timing and shape. (B) These murmurs would be 
difficult to differentiate as the murmur of mitral 
| regurgitation ends before S2 and the characteristic 
$3 crescendo-decrescendo shape of the functional 
ejection murmur cannot be recognized. Differentiate 
by the PMI and by changes in intensity of the 
functional murmur with exercise. (C) Crescendo 
murmur extending to S2, characteristic of mitral 
regurgitation due to mitral valve prolapse. (D-F) 
Right-sided murmurs. (D) Pansystolic murmur of 
tricuspid regurgitation and pansystolic murmur of a 
membranous ventricular septal defect (VSD). 
Differentiate by their differing radiation. The murmur 
caused by a membranous VSD radiates cranially and 
ventrally towards the sternal border. (E, F) Different 
presentations of tricuspid regurgitation can be 
differentiated from a VSD by their timing and 
| radiation. 


tion. However, as the heart goes into failure, left atrial 
pressure rises, the pressure gradient across the mitral valve 
is reduced and the intensity of the sound decreases. In 
these cases the severity of the condition can be diagnosed 
by the area of radiation, which may include a large area 
of the thorax and other clinical signs of heart failure. An 
indication of the severity of MR can also be gained from 
the intensity of S3 and the presence of an early diastolic 
filling murmur. ( ` RCT, VMD) In cases of severe MR S3 
can be exaggerated and a pronounced flow murmur is 
often heard between S2 and S3, due to the increased 
inflow into the left ventricle during diastole.“***” In 
these cases the loud S3 can be confused with S2 and 
timing of the murmur can be difficult. It may help to listen 
to the heart sounds over the right hemithorax where the 
systolic and diastolic periods may be easier to identify 
before trying to superimpose the left-sided murmurs onto 
this rhythm. However, it must be remembered that func- 
tional early diastolic murmurs may coexist with mild MR, 
therefore this should not be used in isolation from other 
clinical findings. Although it has been reported that 


murmurs of MR can in some cases be heard on the right 
side of the thorax,** most often a right-sided murmur is 
due to coexisting TR. 


Right-sided systolic murmurs 
( AF, CCD, EA, RSD, VMD, VSD) 


The two systolic murmurs most commonly heard over the 
right hemithorax are those caused by a membranous VSD 
and TR (see Fig. 8.5). The VSD is the commonest congeni- 
tal heart defect in horses, while the murmur of TR is the 
most common murmur identified in National Hunt?” 
and other racehorses. As horses with a small VSD often 
continue to perform normally, this murmur may be 
detected as an incidental finding in adult horses. The 
murmurs of a membranous VSD and TR can be differenti- 
ated by their differing radiation. The systolic murmur asso- 
ciated with a VSD radiates ventral towards the sternal 
border, whereas the murmur of TR tends to radiate con- 
centrically from its PMI over the tricuspid valve. Murmurs 
of TR are not normally heard cranially on the left side of 
the chest as has been previously suggested. However in 
the very rare event of severe right ventricular dilatation 
associated with primary right-sided heart failure, this 
may occur. 

Further evidence of the presence of a VSD is an associ- 
ated systolic ejection murmur over the left hemithorax at 
the level of the pulmonary valve.'* This is the murmur of 
relative pulmonic stenosis, caused by the increased flow 
of blood out of the right ventricle. 

Murmurs associated with VSDs located in the muscular 
septum do not necessarily radiate in a cranial and ventral 
direction. However, the murmur will sound different from 
that caused by TR. In cases where the VSD is so large that 
the left and right ventricular pressures tend to equalize, 
there may be no murmur, as the flow across the VSD will 
be minimal. These cases are likely to have ventricular dila- 
tation and the only murmurs present are likely to result 
from tricuspid and MR that has developed secondary to 
dilatation of the mitral and tricuspid valve annuli. 

A less common form of VSD occurs in the infundibular 
septum beneath the pulmonary valve.* This is a rare condi- 
tion that results in a harsh systolic ejection murmur over 
the left hemithorax at the level of the pulmonary valve. 
The murmur sounds like the murmur you would expect 
from pulmonic stenosis. However, as pulmonic stenosis 
occurs only rarely as an isolated finding,**” this would be 
an unlikely differential in an adult horse. Echocardiogra- 
phy enables a definitive diagnosis to be made. 

The severity of a VSD cannot be assessed from the inten- 
sity of the murmur, whereas colour flow Doppler studies 
have confirmed that the severity of TR does relate to the 
intensity of the murmur.” The severity of TR can also be 
inferred from the area over which the murmur can be 
heard and by the presence of a loud filling murmur or S3. 
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However, as stated for left-sided murmurs, a functional 
filling murmur may coexist with very mild TR. The best 
indication of the significance of TR is gained from observa- 
tion of the jugular groove. With the head elevated, jugular 
pulsations extending above the lower third of the jugular 
groove are indicative of elevated right atrial pressure. If 
this is associated with a loud systolic murmur audible over 
a large area, the degree of TR is likely to be severe. 

The causes of TR are similar to those described for MR, 
although rupture of the chordae tendineae, thickening of 
the valve leaflets and endocarditis are less common (see 
Chapter 16).' In most horses TR is not associated with any 
gross abnormality of the valve apparatus. 


Diastolic murmurs 
( AF, AR, CCD, EA, IE, RSD) 


Atrial systolic murmurs (occurring between S4 and S1) 
and ventricular filling murmurs (occurring between S2 and 
S3) have been reported in clinically healthy horses.'°”” 
Ventricular filling murmurs also occur in association with 
severe MR due to the increased volume of blood flowing 
back into the left ventricle. Mitral and tricuspid stenoses 
are a recognized cause of diastolic murmurs in man,’ but 
occur rarely in horses,” although they have been reported 
in foals as part of complex congenital disorders.*” 

AR is a common condition in horses, especially in older 
animals,” “> caused by thickening and distortion of the 
valve leaflets.'“° Pulmonic regurgitation (PR) can occur in 
horses but is rarely associated with an obvious murmur.” 


Differentiation of the various 
diastolic murmurs (Fig. 8.6) 


Early diastolic murmur 
( AF, EA) 


The early diastolic filling murmur which occurs in normal 
horses can be differentiated from other diastolic murmurs 
by its timing and frequency. It occurs between S2 and S3, 
during the rapid filling phase of the left ventricle.” As S3 
is not audible in all horses it is helpful to be aware of the 
normal rhythm of the heart sounds, so that the timing of 
this early diastolic murmur can be determined. The 
murmur often presents as a distinct squeak coincident 
with S3 (see Fig. 8.6A), although in some horses it is a 
longer sound,” beginning shortly after S2” and extending 
to S3" (see Fig. 8.6B). The squeak at S3 appears to be 
associated with the abrupt end of the active relaxation of 
the ventricle, whereas the soft murmur may be associated 
with the disturbed flow in the left ventricle during rapid 
filling.” As active relaxation and the velocity of ventricular 
filling vary with changes in sympathetic tone, so the 
murmur also varies. Similar to murmurs associated with 
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Main differentials Timing 
(A) Early diastolic 
functional 
S4 S1 S2 S3 
Early diastolic 
functional 
S4 S1 S2 S3 
(©) Presystolic 
functional 
S4 S1 S2 S3 
Presystolic 
functional 
S4 S1 
n Ann 
Aortic NEP mat 
regurgitation 
S4 S1 
(F) Aortic 4 
regurgitation 
S4 S1 S2 S3 


(@) Aortic 
regurgitation 


S4 S1 S2 S3 


ventricular ejection, early diastolic filling murmurs may 
disappear or increase in intensity with changes in sympa- 
thetic tone. They also vary in intensity in resting horses 
with normal variations in cycle length. These murmurs can 
be heard on either side of the thorax usually slightly dorsal 
to the mitral and tricuspid valve area, but can be heard 
ventrally.* These are heard very commonly in racing 
Thoroughbreds.” 


Presystolic murmurs 


Atrial systolic murmurs (presystolic murmurs) occur 
between S4 and S1'° (see Fig. 8.6C, D). They are also heard 
in clinically healthy horses?”*°*? and, as for the early 
diastolic murmur, can be differentiated by their timing 
within the cardiac cycle. These murmurs can be detected 
on both sides of the thorax, more commonly on the right, 
and are often very coarse. In many horses they start just 
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PMI Figure 8.6 Differential diagnosis 
of common diastolic murmurs in 
horses. Diastolic murmurs can be 
differentiated by their timing. 
When a musical murmur is 
associated with S3 it can present 
as a squeak or a whoo sound. 
(A, B) Functional murmurs 
associated with ventricular filling. 
(C, D) Functional presystolic 
murmur commonly heard in 
National Hunt horses. (E, F) The 
murmur of aortic regurgitation is 
classically a musical decrescendo 
murmur that may increase in 
intensity following S4 (F). 

(G) Unusual presentation of an 
aortic regurgitation murmur. The 
murmur is coarse and obliterates 
he heart sounds and could be 
confused with a pansystolic 
murmur of mitral regurgitation. 
Differentiate by the length of 
diastole which is much longer 
han systole. Also palpate the 
pulses and auscultate the heart 
away from the murmur so that 
he heart sounds can be heard 
and the timing established. 


Left or right hemithorax 
Apex beat or slightly 
dorsal or ventral 


Left or right hemithorax 
Apex beat or slightly 
dorsal or ventral 


Left or right hemithorax 
Apex beat or slightly 
dorsal or ventral 


Left or right hemithorax 
Apex beat or slightly 
dorsal or ventral 


Left AoV may 
radiate to apex 
beat and to right 
hemithorax 


Left AoV may 
radiate to apex 
beat and to right 
hemithorax 


Left AoV may 
radiate to apex 
beat and to right 
hemithorax 


before and merge into S1. It has been suggested that this 
sound is associated with blood flow through the AV orifice 
during atrial systole,'® but may be associated with pre- 
systolic regurgitation through the AV valves. When heard 
over the right hemithorax, the length and intensity of the 
presystolic murmur varies with breathing. 


Aortic regurgitation 
( AR, IE, RSD) 


The murmur of AR can be identified by its PMI, timing, 
frequency and its characteristic decrescendo quality. The 
murmur is heard more intensely over the left side of the 
thorax at the level of the aortic valve. However, when 
the murmur increases in intensity it also becomes audible 
over the right side of the thorax. The murmur characteristi- 
cally decreases in intensity throughout diastole (see Fig. 


8.6E), but may increase again immediately following 
S4'>“° (see Fig. 8.6F) due to distortion of the aortic valve 
during atrial systole.” 

The murmur is often musical’ and this makes diagnosis 
relatively easy. However, in some horses the murmur is 
noisy with no fundamental frequency and is similar in 
quality to a systolic regurgitant murmur. If these noisy 
diastolic murmurs are sufficiently loud to occlude the 
heart sounds, misdiagnosis often occurs (see Fig. 8.6G). 
In these cases the murmur can be recognized as diastolic 
by its length; diastole lasting longer than systole and 
because it alternates in its timing with the arterial pulse. 

The musical quality of AR murmurs results from vibra- 
tions of the aortic root, aortic valve, interventricular 
septum or anterior mitral valve leaflet caused by the regur- 
gitant blood flow. In these cases the severity of the regur- 
gitation cannot be determined from the intensity of the 
murmur or area of radiation of the murmur,” as the loud 
buzzing or musical murmur radiates over a greater area 
and is heard more clearly than the softer noisy decre- 
scendo murmur of the regurgitant flow. Severity may be 
assessed from palpation of the arterial pulses which have 
a wide pulse difference and can be described as bounding 
or hyperkinetic.“ The increased preload and enhanced 
stroke volume present in those horses with more advanced 
disease may also cause a loud ejection murmur. Horses 
with AR should be monitored regularly for the develop- 
ment of left ventricular dilatation and MR secondary to 
dilatation of the mitral valve annulus; however, as mild 
MR is a common finding it may occur as an incidental 
finding in horses with AR. AR caused by thickening and 
fibrosis of the aortic valve leaflets is most common in 
older horses (see Chapter 16).' If a loud murmur of AR is 
detected in a younger horse (<10 years), the clinician 
should investigate causes of early valvular dysfunction. 
This may be caused by prolapse of the aortic valve leaflet 
into a membranous VSD, which may or may not be 
patent, or a congenital abnormality of the aortic valve“ 
(see Chapter 16). 


Pulmonic regurgitation 


PR is a common echocardiographic finding in horses, 
although it is not usually associated with a murmur. This 
is possibly due to the lower pressure gradient between the 
pulmonary artery and right ventricle, compared with that 
found on the left side of the heart. However, in horses 
with pulmonary hypertension, a diastolic murmur may be 
audible combined with a loud S2. 


Continuous murmurs 
( ACF, EA) 


In neonates, the most common cause of a continuous 
murmur is the patent ductus arteriosus. The murmur is 
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caused by blood flowing from the aorta to the pulmonary 
artery during systole and diastole and is audible over the 
left hemithorax at the aortic and pulmonary valve areas. 
The diastolic component of the murmur usually dis- 
appears within 24 hours of birth as the ductus closes. 
However, the systolic component may remain for up to 4 
days. Murmurs present after this time are considered to be 
abnormal.” Persistence of the ductus arteriosus in mature 
horses is very rare. In these cases the murmur may only be 
present in systole, either because the ductus is effectively 
closed in diastole or due to pulmonary hypertension limit- 
ing diastolic flow. 

A murmur present in systole and diastole in adult horses 
is more likely to comprise two separate murmurs although 
a continuous murmur can present in older horses with 
aortocardiac fistulas.” These latter murmurs are audible 
over the right hemithorax as blood flows through the 
fistula in systole and diastole from the aorta to the right 
ventricle or right atrium. More rarely the fistula opens into 
the left ventricle or dissects into the septal myocardium. 
Murmurs associated with aortocardiac fistulas may be 
referred to the left hemithorax and if there is increased 
flow through the pulmonary valve the systolic component 
of the murmur will be increased. 


Murmurs associated with 
congenital abnormalities 


( CCD, VSD) 


Developmental abnormalities range from simple isolated 
defects, such as persistence of the foramen ovale, to more 
complex multiple defects such as tetralogy of Fallot.*°*” 
An attempt can be made to separate these complex 
murmurs into their component parts by application of 
the basic principles outlined above for the diagnosis 
of systolic and diastolic murmurs. However, in these 
cases the list of differentials has to be expanded to 
include valvular stenoses. Confirmation of diagnosis is 
best gained by two-dimensional echocardiography (see 
Chapters 9 and 15). 


Other noises 


Pericardial friction rubs 


Friction rubs are coarse scratching sounds produced as the 
inflamed pericardium and epicardium slide over one 
another and can be present even when there is consider- 
able pericardial effusion.’ They can occur whenever the 
heart moves within the pericardium and therefore may be 
audible during atrial contraction (between S4 and S1), 
during ventricular contraction (between S1 and S2) and 
during ventricular relaxation (between S2 and S3). 
This causes a triphasic pericardial friction rub. However, 
the sounds may not be present during every phase of 
the cardiac cycle and may therefore be monophasic or 
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biphasic. Friction rubs, although in phase with the cardiac 
cycle, sound as though they are extracardiac in origin. 


Systolic clicks 


In human medicine midsystolic clicks are associated with 
mitral and, more rarely, tricuspid valve prolapse.’ This is 
also thought to be the case in horses” although clicks can 
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INTRODUCTION 


Echocardiography, including two-dimensional (2DE), 
M-mode and various Doppler modalities, have revolu- 
tionized equine cardiology. These technologies provide 
a better understanding of the normal physiology of 
the equine heart and an improved ability to diagnose 
and assess the severity of many forms of heart 
disease.’ A clear understanding of the principles of 
echocardiography, the technical ability to produce 
standard and consistent images and knowledge of 
common echocardiographic findings in normal and 
diseased animals are essential for the successful clinical 
use of echocardiography. 


© 2010 Elsevier Ltd. 
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PHYSICS AND PRINCIPLES 


Two-dimensional and 
M-mode echocardiography 


( ) ET) 


The heart is an excellent subject for imaging with ultra- 
sound because blood within the cardiac chambers is rela- 
tively anechoic and therefore appears black, outlining the 
echogenic valves and chamber walls. However, ultrasound 
does not easily pass through air or bone; therefore the 
heart must be imaged through the “acoustic windows” 
which are found where the heart is in direct contact with 
the chest wall. In horses the sternum prevents imaging 
from the ventrum, furthermore the heart is positioned 
with the apex on the sternum and the base apex axis 
almost perpendicular to it. This restricts equine echo- 
cardiographers to the use of parasternal views whereas in 
human beings and small animals a wider range of views 
is possible because images can be obtained from cranial 
and/or caudal to the sternum. This does limit the ease with 
which some structures can be imaged in the horse and is 
particularly problematical for Doppler echocardiography, 
where sub-optimal images and quantitative data are 
obtained if the ultrasound beam cannot be aligned paral- 
lel to blood flow. 

2D echocardiograms are obtained by sweeping an ultra- 
sound beam in an arc to produce sector frames that are 
updated with time (Figs. 9.1-9.7). While these images 
provide the best spatial information, they are limited by 
frame rate. M-mode echocardiograms show the structure 
of the heart in a one-dimensional view where location is 
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Figure 9.1 A right ventricular inflow—outflow 
echocardiogram obtained from the right fourth intercostal 
space with the transducer pointing towards the left third 
intercostal space in a normal 3-year-old Thoroughbred colt. 
* = landmarks to measure the pulmonary artery (PA). 

RA, right atrium; RV, right ventricle. 


Figure 9.2 A right parasternal long-axis echocardiogram of 
the left ventricular outflow tract obtained from the right 
fourth intercostal space with the transducer pointing towards 
the left fourth intercostal space in a normal 3-year-old 
Thoroughbred colt. Landmarks to measure the aorta (Ao) at 
the valve (*), sinus of valsalva (x) and sinotubular junction 
(O) and pulmonary artery (PA, A) are shown. RA, right 
atrium; RV, right ventricle; LVOT, left ventricular outflow 
tract. 


displayed on the y-axis against time on the x-axis. Thus, 
the M-mode image shows motion of the cardiac structures 
and is not limited by frame rate. Most modern echocardio- 
graphic units allow the M-mode image planes to be guided 
from 2DE images. 
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Figure 9.3 A right parasternal four-chamber long-axis 
echocardiogram obtained from the right fourth intercostal 
space with the transducer pointing towards the left fifth 
intercostal space in a normal 3-year-old Thoroughbred colt. 
Landmarks to measure the length of the left ventricle (LV, *), 
diameter of the right ventricle (RV, x), mitral annual diameter 
(O), left atrial (LA) length (®) and diameter (®) are shown. 
Note that subjectively the right atrium (RA) is smaller than 
the left atrium (LA) in this image plane. 


Doppler echocardiography 
( ET) 


Doppler echocardiography is a noninvasive means of 
interrogating intracardiac blood flow, or in the case of 
tissue velocity imaging (TVI, also known as Doppler tissue 
imaging), movement of cardiac structures. It is based on 
the Doppler principle: the frequency shift that occurs 
when sound of a known frequency is reflected by a moving 
structure. In echocardiography the moving structure can 
be the blood cells or, with TVI, various cardiac structures 
such as the chamber walls or valves. When an ultrasound 
beam of any given frequency is directed into the heart, it 
is reflected at a different frequency determined by the 
velocity and direction of the moving blood cells or cardiac 
structures. Objects that are moving towards the interrogat- 
ing ultrasound beam produce an increase in frequency 
of reflected sound (a positive Doppler frequency shift), 
whereas those moving away from the interrogating sound 
beam produce a decrease in frequency (a negative Doppler 
frequency shift). Quantification of the frequency shift 
allows the velocity of that movement to be calculated from 
the following equations’: 
fa=fr-f 
_ 2f,xvxcosé 
c 
j= faxc 
2fi(cos8) 


fa 


ee B 
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Figure 9.4 (A) A right parasternal short-axis echocardiogram of the left ventricular outflow tract obtained from the right 
fourth intercostal space with the transducer pointing dorsally in a normal 3-year-old Thoroughbred colt. Landmarks to 
measure the left atrial (LA) linear dimensions * and x, and aortic (Ao) diameter (O) are shown. The line indicates the cursor 
position to obtain an M-mode echocardiogram of the aorta. RA, right atrium; RV, right ventricle; Ao, aorta; LA, left atrium; 
PA, pulmonary artery. (B) An M-mode echocardiogram of the aorta obtained as indicated in A. The aortic valve (AV) has a 
box-like shape in systole. Landmarks to measure the Ao (*), LA (x), pre-ejection period (O) (the time from the Q wave to valve 
opening) and ejection period (the duration of valve opening, ®) are shown. RV, right ventricle; TV, tricuspid valve. 


Figure 9.5 (A) A right parasternal short-axis echocardiogram obtained from the right fourth intercostal space with the 
transducer pointing horizontally in a normal 3-year-old Thoroughbred colt. The line indicates the cursor position to obtain an 
M-mode echocardiogram of the mitral valve (MV). (B) An M-mode echocardiogram of the mitral valve obtained as indicated in 
A. Note that the mitral valve opens maximally in early systole (E wave), in mid-diastole it is partially open and in late diastole it 
opens again following atrial contraction (A wave). The septal-E point separation is measured from the peak of the E wave to 
point of downward defection of the septum (IVS). In this horse it is zero. The relaxation time index is the time from the 
maximal excursion of the left ventricular free wall (LVFW) and the opening of the mitral valve (MV)*. RV, right ventricle; 


TV, tricuspid valve. 


The Doppler shift (fa) is the difference between the 
received frequency (f,) and the transmitted frequency (f,). 
The velocity of the interrogated structure (v) is a function 
of fa, fu the speed of sound in tissues (c) and the angle of 
interrogation (0). Note: as 8 increases the velocity estimate 
will become increasingly inaccurate; thus optimal data is 
obtained by aligning the interrogating ultrasound beam 
parallel to the blood flow under examination. ( ^ RCT) 
Most echocardiographic units provide good-quality 


Doppler signals at depths of no more than 18-24 cm, 
which can present difficulties in the horse. Unfortunately, 
in horses the acoustic windows are limited and optimum 
alignment to flow can be difficult to achieve.** Trans- 
oesophageal (TO) transducers can be placed directly over 
the heart to overcome some of these limitations.’ However, 
although there are clear clinical advantages in a range of 
clinical settings in human patients, TO echocardiographic 
equipment has to be custom-built for equine patients, it 
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Figure 9.6 (A) A right parasternal short-axis chordal level echocardiogram obtained from the right fourth intercostal space 
with the transducer pointing ventrally in a normal 3-year-old Thoroughbred colt. Planimetry can be used to derive the LV 
lumen and wall areas from this image plane. The line indicates the cursor position to obtain an M-mode echocardiogram of 
the ventricles at chordal level. Measurements are made of the right ventricular lumen, ventricular septum (IVS), left ventricular 
internal diameter (LVID) and left ventricular free wall (LVFW). End-diastole (*) is taken as the onset of the QRS complex and 


peak systole (x) is the point of maximal deflection of the IVS. 


Figure 9.7 A left parasternal long-axis echocardiogram of 
the left atrium (LA) and ventricle (LV) obtained from the left 
fifth intercostal space with the transducer pointing towards 
the right fifth intercostal space in a normal 3-year-old 
Thoroughbred colt. Landmarks to measure the left atrial 
diameter (*) are shown. MV, mitral valve; CVC, caudal vena 


cava. 


is expensive and it has only been used in anaesthetized 
horses, such that at the current time, its use has been 
restricted to research applications in horses.‘ 

The simplest form of Doppler echocardiography is con- 
tinuous wave (CW), a system where a continuous inter- 
rogating ultrasound beam is emitted from a piezoelectric 
crystal and a separate piezoelectric crystal receives the 
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reflected sound. CW Doppler echocardiograms represent 
the velocity of blood cells moving in either direction along 
the entire path of the ultrasound beam displayed against 
time as a form of spectral display. CW is the most accurate 
in the detection of velocity as there is no limitation of 
aliasing; however, it provides limited spatial informa- 
tion”'® (Fig. 9.8). CW signals are more intense than those 
from PW (see below). 

Pulsed-wave (PW) Doppler echocardiography over- 
comes the spatial limitations of CW by collecting Doppler 
data from an individual sampling site by emitting sound 
in pulses and measuring the frequency shift that occurs at 
an operator-determined location within the heart. PW is 
able to distinguish laminar flow, where all blood cells at 
one location are travelling at the same velocity, from tur- 
bulent flow, where multiple velocities will be detected at 
the same location. Turbulent flow is recognized on spec- 
tral PW because there is spectral broadening, i.e. a variety 
of velocities are depicted as a broad band rather than a 
tight envelope’”'’ (see Fig. 9.8). 

When PW information is generated from a single sam- 
pling site and displayed as a graph of velocity against time, 
this is also a form of spectral display. Flow towards the 
transducer is displayed above the baseline of the time/ 
velocity spectrum and flow away from the transducer is 
below the baseline. PW is used in conjunction with 2DE 
such that the operator can select a particular location 
within the heart for investigation. All forms of PW Doppler 
echocardiography are limited by the fact that they cannot 
accurately define high velocities. This is due to a phenom- 
enon known as aliasing. In spectral PW, aliasing is repre- 
sented by displaying the signal on the opposite side of the 
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Figure 9.8 Continuous (A) and pulsed (B) wave spectral Doppler echocardiograms from a 5-year-old gelding with moderately 
severe mitral regurgitation. In continuous wave, the velocity is sampled along the entire length of the interrogating beam 
which has been placed across the left atrium (LA) near the mitral valve. This allows accurate measurement of velocity. In 
pulsed wave, a small sample volume can be placed within the regurgitant jet to map its location but velocity is not accurately 
recorded due to aliasing. Note that the jet is composed of a range of velocities displayed as a broad band. LV, left ventricle. 


base line (i.e. forward flow is displayed at increasing velo- 
cities above the baseline until it exceeds the aliasing point 
and is represented below the baseline; see Fig. 9.8). The 
velocity at which aliasing occurs is determined by the 
Nyquist limit, which is dependent on the frequency of 
emission of the ultrasound pulses (the pulse repetition 
frequency) and the frequency of the emitted sound. Many 
echocardiographic units are equipped with a high pulse 
repetition frequency function that is effectively an inter- 
mediate between PW and CW, allowing higher velocities 
to be recorded accurately with some ability to localize the 
sampling site.” 6 

Colour flow Doppler (CFD) echocardiography is a more 
sophisticated form of PW Doppler technology. Instead of 
a single sampling site, multiple sites within the heart are 
examined simultaneously. Flow is colour coded and 
superimposed on a two-dimensional image of the cardiac 
structures to produce a map of intracardiac flow (Fig. 9.9). 
Colour M-mode images provide the most accurate assess- 
ment of timing of flow events (Fig. 9.10). In all forms of 
CFD it is conventional to display flow towards the trans- 
ducer encoded as red and flow away from the transducer 
encoded as blue. The intensity or shade of the colour 
varies to depict the velocity of blood flow. High-velocity 
turbulent jets appear as a mosaic pattern of high-intensity 
colour'”'® (see Fig. 9.9). Some echocardiographic units 
add another colour, such as green, to display variance or 
turbulent flow (see Figs. 9.9 and 9.10). Where aliaising 
occurs, increasing velocities are indicated by moving 
through the colour sequence, thus rapid flow towards the 
transducer aliases from red, through orange and yellow to 
the blue shades, while rapid flow away from the trans- 


ducer aliases from blue through turquoise and yellow to 
the red shades (see Fig. 9.9). In common with other ultra- 
sonographic imaging modalities, CFD echocardiograms 
are updated many times per second to achieve a continu- 
ous, real-time image.*'* '* However, at the depths required 
in equine echocardiography, the addition of CFD can 
result in very slow frame rates. This limiting factor is 
highly machine dependent. ( ` AR, RCT, VMD, VSD) 

For conventional blood pool Doppler echocardiogra- 
phy, velocity filters are utilized to screen out low-velocity 
and high-amplitude signals that are likely to be due to the 
solid structures of the heart. In contrast, for TVI, velocity 
and amplitude filters are reversed and used to screen out 
high-velocity, low-amplitude signals that are likely to arise 
from the blood pool” (Fig. 9.11). Two TVI functions are 
available, each measuring different velocities: spectral TVI 
(Fig. 9.12) provides an estimate of the maximal velocity 
within a given region whereas colour TVI produces a trace 
of the mean velocity within the sampled region of myo- 
cardium.” TVI methods allow the velocity of individual 
areas of the myocardium to be determined.” These 
modalities provide a direct measure of intramural veloci- 
ties during cardiac relaxation and contraction and have the 
potential to objectively quantify regional, in addition to 
global, mechanical function.”””* 


ECHOCARDIOGRAPHIC EQUIPMENT 


Imaging the heart requires a sector scanning transducer 
and in adult horses a 2.0-3.5-MHz transducer is ideal; in 
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Figure 9.10 Colour Doppler M-mode echocardiograms of the aorta in which the blood flow is depicted in colour, allowing 
precise timing of events. Forward flow in systole is displayed in orange. Non-laminar flow represented by the green variance 
code in diastole represents aortic regurgitation which lasts throughout diastole with severe aortic regurgitation (A) and in mid 
to late diastole becomes less turbulent, changing green to yellow, and less rapid, changing from yellow to orange in a less 
severe example (B). 
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Figure 9.11 Right parasternal short-axis colour Doppler images of the right ventricle and interventricular septum (A) and the 
blood pool (B) from an 18-year-old horse with aortic regurgitation illustrating that velocity filters can be used to distinguish 


myocardial and blood pool movements. 


foals 5.0-7.0 MHz may be more suitable. The relatively 
poor resolution of low-frequency transducers is more than 
compensated by their increased depth of penetration. The 
advent of harmonic imaging, with superior signal-to- 
noise, contrast-to-noise, spatial resolution and visualiza- 
tion of tissue at depth*”* may often improve the quality 
of images that can be obtained in large and overweight 
adult horses. A depth display of at least 30 cm facilitates 
imaging of the entire heart from the right side of the chest 
and equipment is now available that can image to depths 
of up to 36 cm. To be suitable for echocardiography, ultra- 
sound machines should be equipped with an ECG display. 
A cine-loop facility, which allows previous frames to be 
analysed at the time of the examination, is also extremely 
useful and is included in most modern echocardiographic 
units. 


THE ECHOCARDIOGRAPHIC 
EXAMINATION 


Indications for echocardiography 


Echocardiography is indicated in the 


situations: 


following 


e When a murmur (other than a functional murmur) 
is heard (i.e. valvular or congenital heart disease is 
suspected). 

When dysrhythmias are detected. 
When heart sounds are muffled (e.g. due to 
pericardial or severe myocardial disease). 

e When clinical signs of congestive heart failure are 
detected. 
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In horses with pyrexia of unknown origin. 

In horses with unexplained reduced athletic 
performance once musculoskeletal and respiratory 
disease has been excluded. 


Preparation of patient 


Echocardiography is best performed in areas of subdued 
lighting and where the horse can be safely restrained. 
Hair should be clipped from the axilla, except in horses 
with a very fine hair coat. The skin should be cleaned of 
grease and dirt using surgical spirit or soap and water 
and acoustic coupling gel applied. Horses should not be 
sedated unless absolutely necessary because this will alter 
some cardiac dimensions and indices of function. If seda- 
tion is required to clip the horse it may be necessary to 
clip the horse under sedation and scan at least several 
hours later. Detomidine and romifidine primarily affect 
2DE and M-mode measurements of the left ventricle (LV) 
and aorta (AO) in systole, reducing wall thickness and 
increasing the diameter of the ventricular lumen and 
aortic root.***’ One study has shown that detomidine 
can also increase the LV diameter in diastole.” Detomi- 
dine will also affect Doppler echocardiographic indices 
of systolic function.*° Acepromazine appears to have less 
effect on echocardiographic variables’”** but has been 
shown to increase the diameters of the pulmonary artery 
(PA), AO and interventricular septum (IVS) and decrease 
the diameter of the left atrium (LA) in diastole.” If a 
horse has to be examined while sedated then structural 
information is still valid but the potential effects of seda- 
tion on the echocardiographic measurements should be 
taken into account. 


Image planes 
(-) ET) 


In order to perform a thorough echocardiographic exami- 
nation, standardized image planes should be obtained in 
a methodical manner before lesion-orientated views are 
studied. These image planes and the transducer positions 
used to obtain them have been described previously”* 
and standardized views of 2D and M-mode image planes 
obtained from normal horses are shown in Figures 9.1- 
9.7 and cardiac anatomy is reviewed in Chapter 1. In 
brief, the right parasternal images are obtained by placing 
the transducer in the right fourth intercostal space (in 
most horses just under the triceps muscle), which is often 
facilitated by having the horse stand with its right fore in 
front of its left. The transducer should be tilted 5-10° 
from the vertical plane such that the ultrasound beam 
runs from a 1-2 o'clock position dorsally to a 7-8 o'clock 
position ventrally in long axis and from a 3-4 o'clock 
position cranially to a 9-10 o'clock position caudally in 
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short axis. In short-axis images at the heart base, a slight 
further clockwise rotation will often help produce clearer 
images of the aortic valve. In this way, the ultrasound 
beam will traverse the heart along its true long and short 
axes. Ideally, the images should be obtained in a consist- 
ent manner, for example, starting by orientating the trans- 
ducer towards the left shoulder to view the right atrium 
(RA), ventricle (RV) and PA, sweeping caudally to the 
four-chamber view, then scanning the heart in short axis 
from the apex to the heart base and finally obtaining an 
M-mode series from the base to the apex. Left parasternal 
images are made with the horse standing square and the 
transducer located in the fifth intercostal space (in most 
horses just behind the border of the triceps muscle), ori- 
entated vertically or slightly rotated 5-10° in a clockwise 
direction to around 1 o'clock directed straight across the 
horse, or slightly caudally to image the LA and LV and 
then sweeping cranially while rotating the transducer in 
an anticlockwise direction to around 10-11 o'clock to 
visualize the left ventricular outflow tract (LVOT, Figs. 
9.1-9.7). Standard images for Doppler imaging corre- 
spond to those used for 2DE”* (Figs. 9.13-9.18). 
However, for imaging regurgitant jets, images must be 
selected so that the ultrasound beam can be aligned as 
closely as possible parallel to blood flow, and it is often 
necessary to supplement the standard images with lesion- 
orientated images optimized to align with regurgitant jets 
or intracardiac shunts.**~** 


M-mode, 2DE and TVI assessment of 
cardiac dimensions and indices of 
cardiac function 


One of the principal advantages of echocardiography is 
that it allows measurement of the size of cardiac structures 
and, with M-mode echocardiography, accurate timing of 
their motion. When these measurements are combined, 
valuable functional data can be obtained. Guidelines for 
measurements are available to ensure repeatability.” 
Strict adherence to these guidelines is mandatory if accu- 
rate measurements are to be made. It is extremely impor- 
tant that only perfect images are used for measurements. 
Measurements made from poor-quality images, and espe- 
cially from images in the wrong anatomical plane, can be 
extremely misleading. Between three and five sets of mea- 
surements from different cardiac cycles should be made, 
with more if there is a dysrhythmia. Echocardiographic 
variables vary not only depending on the age and body 
weight of the horse but also between breeds and between 
different levels of fitness” (see Chapter 3). A range of 
measurements for adult Thoroughbred horses is presented 
in Table 9.1° and adult Standardbred horses in Table 
9.2, while a more limited range of measurements for 
mixed breed horses and ponies of a variety of sizes is listed 
in Table 9.3.°° Regression equations allowing prediction 


Figure 9.12 Spectral (left) and colour Doppler (right) tissue 
images showing regional differences in velocity of myocardial 
movement within the right ventricle (RV), interventricular 
septum (IVS), and the left (LLV), caudal (CLV) and right (RLV) 
regions of the left ventricle. The systolic (S), early (E) and late 
(A) diastolic waves are indicated. An ECG is superimposed 
for timing. 


of cardiac sizes in Thoroughbred foals ranging from birth 
to 16 weeks of age are listed in Table 9.4. 


The left ventricle 
( AF, AR, IE, RCT, SFP, VMD) 


The diameter of the LV is most repeatably and conven- 
iently measured with M-mode” (see Fig. 9.6). M-mode 
also has the advantage of greater temporal resolution (see 
above). The appropriate M-mode trace is obtained from 
the 2DE right parasternal short-axis view at the level of the 
chordae tendineae (see Fig. 9.6). At this level neither the 
mitral valve nor the papillary muscles can be seen. When 
the LV appears as close to circular as possible (i.e. ensuring 
that the 2DE imaging plane is perpendicular to the long 
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axis of the ventricle), the M-mode cursor is placed across 
the major axis of the ventricle, between the chordae (see 
Fig. 9.6). If the cursor is placed too far dorsally, close to 
the membranous or nonmuscular portion of the IVS, it 
will appear to contract very little and/or portions of the 
mitral valve may be visible: both should prompt the 
echocardiographer to re-position the M-mode cursor. 
Once an appropriate image has been obtained, electronic 
calipers are used to measure by the leading-edge to 
leading-edge technique, from the IVS to the left 
ventricular free-wall (LVFW). Measurements are made at 
end-diastole, indicated by the onset of the QRS complex, 
and at peak systole, which is taken to be the point of 
maximum excursion of the septum. Note that the end- 
systolic point of the septal motion may not exactly co- 
incide with the maximum extent of LVFW motion but this 
apparent asynchrony in fact reflects movement of the 
entire heart within the thorax. 

M-mode measurements of the LV internal diameter in 
diastole (LVIDd) and systole (LVIDs) are used to derive 
fractional shortening (FS%) and ejection fraction (EF%) 
using calculation packages available with most echo- 
cardiographic units”: 


(LVIDd — LVIDs) x 100 


FS% = 
LVIDd 


LVIDd? — LVIDs* 


EF% = 
s LvIDd? 


An estimate of LV mass has also been validated by com- 
parison with cadaver specimens: 


LV mass = 1.04 x [| (LVIDd + LVFWd + 
IVSd)’ — LVIDd? ]-13.6 


In Thoroughbreds, LV mass correlates with maximal 
oxygen uptake”? and, combined with EF%, is correlated 
with racing performance in horses racing over long, but 
not short, distances“? (see Chapter 3). With all derived 
indices, it is critical to remember that the information is 
only as good as the original images and should not be 
regarded as accurate if the measurements are not derived 
from optimal images. 

The LV diameter and length can also be obtained from 
long- and short-axis 2DE images, respectively (Figs. 9.3 
and 9.6) while planimetery can be used to derive the area 
of the LV lumen and walls. These methods of assessment 
of LV dimensions are less repeatable than guided M-mode 
techniques” and therefore are less relevant in assessing 
horses with cardiac disease. However, they can be used to 
derive estimates of the LV luminal volume in systole and 
diastole and from these, stroke volume and cardiac output 
(CO) can be estimated. One of these techniques, the Bullet 
method, has been compared with lithium dilution, partial 
carbon dioxide rebreathing and Doppler echocardio- 
graphic methods and been shown to be an accurate non- 
invasive estimate of CO in normal, anaesthetized foals.” 
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Table 9.1 Normal echocardiographic measurements in Thoroughbreds” 


VARIABLE 


M-mode echocardiography 


Interventricular septal thickness at end-diastole (cm) 


MEAN 


STANDARD 
DEVIATION 


FIGURE OF 
IMAGE PLANE 


nterventricular septal thickness at end-systole (cm) 


Left ventricular internal diameter at end-diastole (cm) 


Left ventricular internal diameter at end-systole (cm) 


Left ventricular free wall thickness at end-diastole (cm) 


Left ventricular free wall thickness at end-systole (cm) 
Fractional shortening (%) 


nterventricular septal thickness fraction (%) 


Left ventricular free wall thickening fraction (%) 


Left atrial appendage diameter at end-systole (cm) 


Aortic diameter at end-diastole (cm) 


Aortic diameter at end-systole (cm) 


Two-dimensional echocardiography 


Left atrial diameter at end-diastole (cm) 
Left atrial diameter at end-systole (cm) 


Aortic diameter at valve at end-diastole (cm) 


Aortic diameter at valve at end-systole (cm) 


Aortic sinus diameter at end-diastole (cm) 


Aortic sinus diameter at end-systole (cm) 


Aortic sinotubular junction at end-diastole (cm) 


Aortic sinotubular junction at end-systole (cm) 


Pulmonary artery diameter at end-diastole (cm) 


Left ventricular area at end-diastole (cm?) 


Left ventricular area at end-systole (cm?) 


Myocardial area at end-diastole (cm?) 


Myocardial area at end-systole (cm?) 


Fractional myocardial area change (%) 


Using TVI, regional differences in systolic and early 
diastolic LV wall velocities have been demonstrated in 
normal horses (Fig. 9.12). Spectral TVI can be used more 
repeatably than colour Doppler TVI in the equine LV. 
The right and caudal regions of the LV at the chordal 
level move faster than other areas in all phases of the 
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cardiac cycle and the systolic and early diastolic velocities 
are lowest in the IVS. There are no regional differences 
in the late diastolic velocities when it is likely that all 
regions of the LV walls will deflect at a similar rate as 
ventricular filling movement is due to atrial contraction 
in this phase.” 


Table 9.2 Normal echocardiographic measurements in Standardbreds”? 


VARIABLE 
M-Mode echocardiography 


Interventricular septal thickness at end-diastole (cm) 
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STANDARD 
DEVIATION 


FIGURE OF 
IMAGE PLANE 


Interventricular septal thickness at end-systole (cm) 


Left ventricular internal diameter at end-diastole (cm) 


Left ventricular internal diameter at end-systole (cm) 


Left ventricular free wall thickness at end-diastole (cm) 


Left ventricular free wall thickness at end-systole (cm) 
Fractional shortening (%) 


Mitral E point:septal separation (cm) 


Aortic diameter at end-diastole (cm) 


Two-dimensional echocardiography 


Left atrial diameter at end-diastole (cm) 


Mitral valve diameter at end-diastole (cm) 


Aortic diameter at valve at end-diastole (cm) 
Aortic sinus diameter at end-diastole (cm) 
Aortic sinotubular junction at end-diastole (cm) 


Pulmonary artery diameter at end-diastole (cm) 


Table 9.3 M-mode echocardiographic measurements of cardiac dimensions in normal horses and ponies”? 


SMALL PONIES 


VARIABLE (MEAN + S.D.) 125-306 KG 


Interventricular septal thickness 
at end-diastole (cm) 


LARGE PONIES 
274-469 KG 


HORSES 
454-620 KG 


2.84 0.2 


Interventricular septal thickness 
at end-systole (cm) 


4.6+0.5 


Left ventricular internal diameter 
at end-diastole (cm) 


11.2 + 0.8 


Left ventricular internal diameter 
at end-systole (cm) 


7.30.8 


Left ventricular free wall thickness 
at end-diastole (cm) 


Left ventricular free wall thickness 
at end-systole (cm) 


25 £0.3 


Aortic diameter at end-diastole (cm) 
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Table 9.4 Regression equations that can be used to estimate echocardiographic variables from weight (kg) in healthy 
Thoroughbred foals from birth to 16 weeks of age®'. Collins N, Palmer L, Marr CM. unpublished data. 


VARIABLE 


M-mode echocardiography 


Interventricular septal thickness at end-diastole (cm) 


VARIABLE (Y) = SLOPE 
*WEIGHT (X) + INTERCEPT 


STANDARD 
DEVIATION 


y = 0.0043x + 1.2239 


Interventricular septal thickness at end-systole (cm) 


y = 0.0073x + 1.7752 


Left ventricular internal diameter at end-diastole (cm) 


y = 0.0188x + 4.4265 


Left ventricular internal diameter at end-systole (cm) 


y = 0.0132x + 3.1092 


Left ventricular free wall thickness at end-diastole (cm) 


y = 0.0035x + 0.9868 


Left ventricular free wall thickness at end-systole (cm) 


y = 0.0052x + 1.543 


Aortic diameter at end-diastole (cm) 


y = 0.0134x + 2.3854 


Left atrial appendage diameter at end-systole (cm) 


Two-dimensional echocardiography 


Left atrial diameter at end-diastole (cm) 


y = 0.0097x + 1.9614 


y = 0.0238x + 4.1483 


Aortic diameter at valve at end-systole (cm) 


y = 0.01320x + 2.137 


Pulmonary artery diameter at end-systole (cm) 


The left atrium 
( —) AF, IE, SFP VMD, VSD) 


Measurement of equine LA dimensions can be made using 
three separate methods. In the past in other species, the 
diameter of the LA and aorta were measured from a right 
parasternal M-mode image at the level of the heart base 
and using this technique the ratio of the aortic root to left 
atrial appendage should be less than 1 (see Fig. 9.4). 
However, there are significant problems with this method 
in horses and indeed other species. First, the dimension 
measured is actually the size of the left atrial appendage 
rather than the body of the LA and, since this is a roughly 
conical structure it is difficult to ensure that the diameter 
is measured consistently. Additionally, with many echocar- 
diographic units, the far border of the LA will be out of 
range from a right parasternal view in larger horses, and 
particularly those with LA enlargement in whom the accu- 
rate measurement is most informative. The second method 
is to measure LA diameter from the left parasternal long- 
axis view. If care is taken to ensure that optimal angulation 
maximizes the diameter of the LA, the caudal vena cava 
appearing as a round structure deep to the LA (see Fig. 
9.7), consistent measurements can be made.” In fact, this 
measurement is somewhat closer to the valve annulus 
than the middle of the atrium because there is the danger 
that the calipers will be placed in the pulmonary veins if 
they are positioned too far dorsally, and lung interference 
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y = 0.0091x + 2.4147 


sometimes prevents clear identification of the dorsal endo- 
cardial border. With this method, measurements can be 
made at both end-diastole and end-systole.*” An alterna- 
tive, more comprehensive, method of assessing LA size 
and function with 2DE involves obtaining LA linear 
dimensions, area and volume during maximal atrial 
filling, indexed to AO measurements, from right paraster- 
nal four-chamber long-axis (see Fig. 9.3) and right par- 
asternal short-axis LV outflow tract (LVOT, see Fig. 9.4) 
images.” A range of functional indices can also be derived 
with this method. TVI can be applied in the same imaging 
planes to determine LA mechanical function.” 


The aorta 
(— AR) 


AO diameter can be measured using M-mode from a right 
parasternal short-axis LVOT image in order to compare it 
with LA size (see Fig 9.4) and, for consistent measure- 
ments, it is important to ensure that the M-mode cursor 
is placed across the widest part of the vessel, at the level 
of the aortic valve. Using 2DE from a right parasternal 
long-axis view of the LVOT (see Fig. 9.2), AO diameter can 
be measured at a number of different levels, including 
base (the level of the valve), sinus of Valsalva or the sino- 
tubular junction. Because measurements at different levels 
are significantly different, care should be taken to ensure 
consistency in caliper placement. 


The right ventricle and right atrium 
( AF, PH, VMD) 


Measurement of the RV and RA can be difficult because of 
the lack of reliable landmarks and the trabeculation of the 
RV wall.™ A subjective assessment of the RA can be made 
with 2DE and in the normal horse, the RA size should be 
less than the LA size in the right parasternal 4-chamber 
image” (Fig. 9.3) while the RV will be approximately one- 
third the size of the LV in the right parasternal image of 
the LVOT tract and AO.” With care, the RV can be meas- 
ured in a repeatable manner from 2DE right parasternal 
long-axis four-chamber (see Fig 9.3) and short-axis chordal 
level (see Fig. 9.6) images.”® In the long-axis image, the 
calipers are placed across the RV at the insertion of the 
tricuspid chordae with the IVS. The RV can also be meas- 
ured at end-diastole and at end-systole from a ventricular 
M-mode image” (see Fig. 9.6). 


The pulmonary artery 
( PH, VMD) 


The PA can be visualized in a variety of planes and is 
usually measured in two images: when measured at the 
level of the valve from the RV inflow-outflow view (see 
Fig. 9.1) it should be smaller than the AO, measured at 
the level of the valve from the right parasternal long-axis 
image of the LVOT tract (see Fig. 9.2). The right PA can 
also be measured, in short-axis, as it runs behind the AO 
in the right parasternal long-axis image of the LVOT (see 
Fig. 9.2) Absolute values for the PA in this image plane 
have not been published but in normal horses it will be 
noticeably smaller than the AO. 


INTERPRETATION OF BLOOD POOL 
DOPPLER ECHOCARDIOGRAMS 


Forward flow 


Normal intracardiac forward flow should be laminar and 
of moderate velocity. This is recognized on spectral 
imaging as a tight envelope because all the blood cells are 
moving at approximately the same speed (see Fig. 9.8). 
When imaged from the right hemithorax, flow through the 
tricuspid valve is towards the transducer and, on CFD is 
coded in red (see Fig. 9.13). It occurs in two phases: an 
early peak (E peak) that relates to the predominant flow 
of rapid early diastolic filling and a peak in late diastole 
(A peak) which results from atrial contraction™*. Align- 
ment to flow is achieved using a right parasternal angled 
or long-axis image of the RV inflow tract from a dorsal 
location®**'"*°. Similarly, when imaged from the left 
hemithorax, forward flow through the mitral valve is 
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towards the transducer (see Fig. 9.14) and occurs in two 
phases (see Fig. 9.15). Alignment to flow is achieved by 
using a 2D apical two-chambered long-axis view of the LV 
inflow tract***'"* (see Figs. 9.14, 9.15). 

Forward flow through the pulmonary valve can be 
imaged from either side of the thorax, but best alignment 
of the ultrasound beam parallel to the blood flow in the 
RV outflow tract (RVOT) and PA can usually be achieved 
using an angled long-axis image of the RV inflow and 
outflow from a dorsal location (see Fig. 9.16) or from a 


Figure 9.13 A right parasternal long-axis colour flow 
Doppler echocardiogram of the right ventricular inflow tract 
from a dorsal location showing normal forward flow (red, 
towards the transducer) through the tricuspid valve in early 
diastole. RV, right ventricle; RA, right atrium; Ao, aorta. 


Figure 9.14 A left parasternal long-axis colour flow Doppler 
echocardiogram of the left ventricle (LV) and left atrium (LA) 
showing forward flow (red, towards the transducer) in early 
diastole. 
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Figure 9.15 A left parasternal long-axis colour flow Doppler 
echocardiogram of the left ventricle (LV) and left atrium (LA) 
indicating the position of the sample volume to obtain a 
pulsed wave Doppler spectral trace of flow through the 
mitral valve. An ECG is displayed for timing of cardiac 
events. Emax = peak E velocity; AT; = E wave acceleration 
time; DT; = E wave deceleration time; Amax = peak A 

wave velocity; VTl, = velocity time integral of the A wave; 
PEPia= LA pre-ejection period; ET,, = LA ejection period. 


tight parasternal apical image.**"*? From the right 


hemithorax, forward flow in the RVOT and pulmonary 
artery are away from the transducer. Flow through the 
aortic valve is imaged from a left parasternal apical long 
axis image (see Fig. 9.17, 9.18), and again flow from this 
location is away from the transducer.’ 4?! 

Normal ranges for a variety of Doppler echocardio- 
graphic variables have been published previously** and 
are listed in Chapter 1 (see Tables 1.2 and 1.3). Doppler 
measurements from the outflow tracts that can be used to 
assess systolic function include systolic time intervals, 
peak acceleration, acceleration and ejection times and 
velocity time integral (VTI, the area under the curve of the 
Doppler envelope, see Fig. 9.18). Measurements which are 
typically recorded from spectral tracings of forward flow 
in the inflow tracts to assess diastolic function include 
peak E and A velocities, E:A ratio, VTI, and acceleration 
and deceleration times (see Fig. 9.15). 

Cardiac output (CO) can be estimated by the 
equation: 


CO = VII x vessel area x heart rate 


Studies comparing Doppler echocardiography with 
thermodilution, dye and lithium dilution have confirmed 
that it can be a reliable method of estimation of CO in 
adult horses.*'*°”°* The cross-sectional area of the AO is 
less likely to lead to an underestimation of CO than the 
cross-sectional area of the PA.” TO echocardiography pro- 
vides a better estimate of CO than the transthoracic 
approach” reflecting the better alignment to flow that can 
be achieved with TO. Ideally, the angle of interrogation 
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Figure 9.16 A right parasternal long-axis colour flow 
Doppler echocardiogram of the right ventricular outflow 
tract showing normal forward flow (blue, away from the 
transducer) in systole. RV, right ventricle; RA, right atrium; 
PA, pulmonary artery; Ao, aorta. 


should be less than 20°* and in transthoracic images, 
improved alignment can be obtained by positioning the 
transducer towards the apex of the LV and angling dorsally 
towards the AO (see Fig. 9.17). 

Aortic ejection time is reduced in states of high systemic 
resistance and with hypovolaemia; hypovolaemia will also 
reduce the peak outflow velocity.” Lower peak velocity 
and less steep peak acceleration suggest poor contractile 
function.” Horses with functional ejection murmurs also 
have lower peak aortic acceleration and longer accelera- 
tion time than those with no murmurs.* However, the 
potential for poor alignment to flow introduces consider- 
able inaccuracies and variability in Doppler echocar- 
diography and must be taken into consideration if 
these variable are being used.*°°° Doppler assessments 
of haemodynamic status should be regarded as semiquan- 
titative and are most likely to be useful for detecting 
changes while monitoring within individual patients as 
opposed to comparing individuals with reference ranges.” 


Regurgitant flow and 
intracardiac shunts 


Regurgitant flow and intracardiac shunts are of high veloc- 
ity and are turbulent. Doppler echocardiography is ideally 
suited for their detection because it can characterize both 
of these features’”’® (see Figs. 9.8 and 9.9). Regurgitant jets 
and intracardiac shunts can travel in a variety of directions 
and therefore rigid recommendations for detection of 
these jets cannot be given.**’ Examples of Doppler 
echocardiographic detection of abnormal flow in a variety 
of clinical problems are illustrated in a number of the 


Figure 9.17 A left parasternal long-axis colour flow Doppler 
echocardiogram of the left ventricle outflow tract (VOT) and 
aorta (Ao) showing normal forward flow (blue aliasing to 
yellow, away from the transducer) in systole. 


Figure 9.18 A left parasternal long-axis colour flow Doppler 
echocardiogram of the left ventricular outflow tract (LVOT) 
and aorta (Ao) indicating the position of the sample volume 
to obtain a pulsed-wave Doppler spectral trace of flow 
through the aortic valve in systole. An ECG is displayed for 
timing of cardiac events. Vmax = peak velocity; VTI = velocity 
time integral; PEP = pre-ejection period; ET = ejection time; 
AT = acceleration time. 


digital case series ( ) AE AR, ET, RCT, RSD, SFP, VMD) 
The echographer should use the audio or visual signal to 
subtly modify the alignment of the ultrasound beam to 
obtain the maximal signal. Nevertheless, guidelines of 
typical locations are given below. As with any form of 2D 
imaging, when using Doppler echocardiography, it is 
essential to image the regurgitant jet or shunt in more than 
one image plane to obtain a full evaluation of the dimen- 
sions of the jet. 
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Tricuspid regurgitant (TR) jets are usually easily detected 
because the CFD beam can be aligned closely with their 
direction. Typically, they are found most easily in a long- 
axis image, optimized for the LVOT.** ( ` AE ET, VSD, 
VMD) Pulmonic regurgitation (PR) can be detected from 
both left and right sides of the thorax, but usually the jet 
is most closely aligned to the transducer in images from 
the right side. ( ) AF ET) Larger aortic regurgitant (AR) 
jets can also often be imaged from both sides of the 
thorax. ( ) AR) Smaller AR jets are usually easier to see 
from the left thorax using, initially, a long-axis image and, 
if possible, a short-axis image of the LVOT.**** ( ẹ AE ET, 
VSD) Jets of mitral regurgitation (MR) can be difficult to 
detect because Doppler is limited in its depth of penetra- 
tion. Furthermore the large depth in horses means that the 
only images that can be obtained of the transmitral flow 
are made from the left parasternal location and even then 
the interrogating ultrasound beam is frequently very far 
from parallel to the jet, which can lead to underestimation 
of its velocity and area.’ MR jets frequently skim along 
the surface of the valve or along the LA wall and may travel 
either towards or away from the transducer. ( ) AE AR, 
ET, IE, RCT, RSD, SFP, VMD, VSD) 

Colour M-mode echocardiography is particularly valu- 
able in precisely assessing timing (see Fig. 9.10). Flow 
mapping techniques have only a limited relationship to 
the degree of valvular regurgitation. Factors such as the 
instrument settings, the size and pressure of the chamber 
into which the regurgitant blood is flowing and, as fre- 
quently occurs in the horse, suboptimal imaging angles 
can influence the accuracy of the technique. Measurable 
characteristics of regurgitant jets include their duration 
and timing, maximal velocity, area, maximal width and 
width at the regurgitant orifice.“°°°°°”""" However, at the 
moment, there is limited information on the reliability 
and repeatability of Doppler estimates of the severity of 
regurgitation in horses but only changes in excess of 25% 
are likely to be indicative of genuine disease progression 
when serial measurements are compared.” A system of 
semiquantitation of the area of regurgitation has been 
proposed, and it is suggested that regurgitation should be 


classified as*ć: 


e Insignificant — the regurgitant jet occupies a small 
area behind the valve. ( ` ET) 

e Mild - the jet occupies less than one-third of the 
chamber involved. ( ) AE AR, RSD, SFP, VSD) 

e Moderate - the jet occupies less than two-thirds of 
the chamber involved. ( ^ AE AR, VMD, VSD) 

e Severe - regurgitant flow can be detected in 
greater than two-thirds of the chamber involved. 
(Ð AE AR, IE, RCT, VMD) 


Contrast 2DE can be a useful alternative or supplement 
to Doppler echocardiography in demonstrating structural 
defects that are associated with a right to left, or bidirec- 
tional, shunt. In order to create a microbubble-laden 
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solution, 5-10 mL of the patient's blood is agitated with a 
similar volume of saline through a three-way tap. Alterna- 
tively simply small volumes of agitated saline or colloidal 
solutions such as dextrans can be used. The microbubble- 
laden solution is injected as a bolus via the jugular vein. 
The path of the microbubbles through the heart is visual- 
ized and if bubbles cross to the left structures, a right-to-left 
shunt is confirmed. ( ) ACE CCD, VSD) 


Estimation of pressure gradients 


Doppler echocardiography can be used to estimate pres- 
sure gradients between cardiac chambers and vessels and 
across intracardiac shunts based on the modified Bernoulli 
equation®***?; 


Pressure gradient = 4 x maximal velocity” 


This technique is useful in the estimation of pressure 
increases within the right ventricle in horses with ventricu- 
lar septal defects (VSD)** ( ^ VSD see Chapter 15). The 
“normal” pressure gradient between the LV and RV is 
around 80-90 mmHg, so velocities of 4.5 m/second or 
greater suggest normal RV pressures. Where right ventricu- 
lar pressure in horses with a VSD has increased due to 
pulmonary hypertension the shunt velocities will fall to 
around 3.5-4 m/second, assuming good alignment with 
flow.’ Similarly, the acceleration and deceleration charac- 
teristics of regurgitant jets are indicative of the associated 
pressure changes. In severe aortic insufficiency, there may 
be large differences in pressure between the aorta and 
left ventricle in early diastole leading to high maximal 
velocities of the regurgitation, and the pressure in the left 
ventricle rises rapidly in late diastole causing an abrupt 
deceleration of the regurgitant jet.” (_) AR) 


Physiological regurgitation 
( AF, ET, SFP) 


In human beings and small animals, regurgitant jets which 
are located in a small area, close behind the valve leaflets, 
can be detected in a large number of normal individuals 
with no cardiac murmurs or signs of cardiovascular 
disease, and this valvular regurgitation is considered to be 
physiological.**°° Similarly, in horses it has been recog- 
nized that physiological regurgitation is common. In one 
study of young Standardbred and Thoroughbred race- 
horses, physiological AR was present in 80%, TR in 46% 
and MR in 26% of cases”. In another study of clinically 
normal Thoroughbreds, regurgitant jets were detected at 
the tricuspid valve in 77.5%, the mitral valve in 67.5% 
and the aortic valve in 47.5% of the horses.” It is impor- 
tant that physiological valvular regurgitation be identified 
to avoid misinterpretation of echocardiographic findings. 
Physiological regurgitation can be distinguished from 
pathological regurgitant regurgitation because it is usually 
transient, frequently associated with valve closure and jets 
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are very small. The valves usually appear to be structurally 
normal on 2DE, although there may be mild prolapse.” 
Physiological TR and MR is common in racing breeds with 
no impact on racing performance***’”® and is more preva- 
lent and severe in Thoroughbreds engaged in Steeplechas- 
ing compared to those in flat racing.“ 


IDENTIFICATION OF DISEASE- 
INDUCED CHANGES IN CARDIAC 
ANATOMY AND FUNCTION 


Dimensions of the cardiac chambers 
and great vessels 


MR can result in dilatation of the LV and LA,” while AR 
may also result in dilatation of the LV.” ( ò AE IE, RCT) 
Volume overload of the RV and RA may occur with TR, 
pulmonary hypertension and some congenital heart 
defects. ( ` CCD, VMD) Gross enlargement of these 
chambers therefore indicates that these conditions are 
severe. The AO diameter increases slightly during systole, 
and can be reduced in animals with poor CO. A dilated 
AO is found in some horses with AR,” aneurysms’””* or 
in those with VSDs in which the root has prolapsed into 
the defect.” The PA can be dilated in horses with pulmo- 
nary hypertension, usually secondary to left-sided conges- 
tive heart failure. ( ^ AF, IE, VMD) Because this can be a 
precursor to rupture in horses with severe cardiac disease, 
these cases need to be identified and the owner advised 
not to ride the horse.” Pulmonary hypertension also arises 
in a variety of disease states that involve hypoxia and/or 
pulmonary vasoconstriction, for example, severe inter- 
stitial pneumonia, systemic inflammatory response syn- 
drome and severe recurrent airway obstruction. Studies 
comparing direct PA pressures with echocardiographic 
estimates in adult horses with cardiac disease” and with 
recurrent airway obstruction,” and in experimentally 
induced, short-term hypoxia in foals’® have been shown 
that measurement of echocardiography is potentially 
a useful noninvasive tool for monitoring PA pressure. 
(® PH, VMD) 

The ability to evaluate the severity of cardiac disease by 
its impact on chamber and vessel size is one of the most 
valuable features of echocardiography in horses. Serial 
echocardiographic measurements made over time allow 
the clinician to document progression of cardiac disease 
in many cases. Day-to-day and inter-observer variation in 
echocardiographic measurements has been reported in a 
variety of studies of normal horses. In general 2DE and 
M-mode variables are less variable than Doppler echocar- 
diographic measurements and differences from 4-14% 
and 11.4-21.8%, respectively, are needed to document 
significant changes between serial measurements in 
normal horses.*”°°°*°’” Unpublished studies on horses 


with moderate or severe aortic regurgitation in one of the 
authors’ clinics suggest similar variability can be expected 
in horses with cardiac disease. The M-mode LVIDd is the 
least variable parameter, with experienced examiners 
achieving intra-observer variation of around 5% and inter- 
observer variation is around 7%. Doppler echocardio- 
graphic variables are much less repeatable and only serial 
differences in dimensions of regurgitant jets of greater 
than around 25% should be considered likely to be due 
to progression of disease, as opposed to simply intra- or 
inter-observer variation. 


Structure and position of 
the cardiac chambers 


The structure of the myocardium is seldom identified as 
abnormal on echocardiography and small areas of ischae- 
mia or myocarditis are unlikely to be identified. With 
extensive fibrosis, echogenic lesions may be found but 
similar “changes” may be seen with slight changes in gain 
settings and are therefore not necessarily clinically signifi- 
cant. ( ) VSD) Large areas of myocardial inflammation” 
and neoplastic infiltrates can cause echogenic, anechoic 
or heterogeneous areas within the myocardium and/or 
valves. ( ) CN, VMD) 

Gross abnormalities of the structure and position of the 
cardiac chambers are mostly likely due to congenital heart 
disease. The most common congenital abnormality is the 
VSD. This is usually located at the junction of the IVS and 
the AO, just beneath the right coronary cusp of the aortic 
valve and the septal ( ` VSD) valve**” (Fig. 9.9). Occa- 
sionally, VSD enter the RV just beneath the pulmonary 
valve, and others occur in the muscular portion of the 
septum (see Chapter 15). These variants are much less 
common and are more commonly associated with signifi- 
cant volume overload. Atrial septal defects (ASD) are 
uncommon and appear as an incongruity in the atrial 
septum, best seen in a long-axis view.*° However, it is 
possible to create a similar appearance artefactually. A 
genuine ASD has very echogenic ends to the septum either 
side of the defect. 

Complex congenital cardiac disease can lead to a range 
of malformations of the cardiac chamber and great arter- 
ies. In congenital heart disease, each structure should be 
identified by its specific anatomical features and its 
relationship to the surrounding structures assessed.” 
( ` CCD) For a method of examination of cases of 
complex congenital cardiac disease, the reader is referred 
to a detailed protocol for sequential segmental analysis 
involving": 

1. Determination of the atrial arrangement: the RA has 
a triangular broad-based appendage, a terminal crest 
and extensive pectinate muscles whereas the LA 
appendage is tubular and narrow with no terminal 
crest. ( ) VSD) 
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2. Determination of the ventricular arrangement: the 
ventricles can be defined as morphologically right if 
there is a coarse trabeculated structure, valve leaflet 
attaching to the septum and moderator band; 
morphologically left if characterized by fine 
trabeculations and smooth upper septum; or 
morphologically interdeterminate if there is a 
solitary ventricle with no septum. Ventricles can also 
be hypoplastic but complete or hypoplastic and 
incomplete. 

3. Characterization of atrioventricular connections. 

4. Assessment of the morphology of the atrioventricular 
valves. 

5. Assessment of the ventriculo-arterial connections: the 
great vessels are distinguished by the vessels that 
arise from them, i.e. the coronary arteries and 
brachiocephalic trunk originate from the AO while 
the right and left PA arise from the main PA. 

6. Assessment of the morphology of the semi-lunar 
valves. 

7. Identification of associated malformation affecting 
the septum, outflow tracts, great vessels and systemic 
and pulmonary venous connections. 


Shape of the cardiac chambers 


The shape of the ventricles can be altered by the presence 
of volume and/or pressure overload. Volume overload 
from MR, AR or congenital disease give the LV a globular 
appearance, with the apex appearing rounded rather than 
oval. ( ^ AR, VMD) Volume or pressure overload of the 
RV results in the loss of its usual crescent shape in short 
axis, largely due to displacement of the IVS, which may be 
flattened or even bowed into the LV and, in long axis, the 
development of a double-apex appearance. The LA also 
adopts a rounded, globular appearance if its pressure 
and/or volume rises due to MR or congenital disease. 
(® AE RSD, SFP, VMD, VSD) 


Motion of the chamber walls 


The extent to which the ventricular walls move is governed 
by preload, afterload and contractility. FS% can be a useful 
indicator of changes in these factors.'® Unfortunately, it is 
not always possible to distinguish which factor is altered 
but, when evaluated in conjunction with clinical and 
other echocardiographic findings, the measurement can 
be very useful. A reduction in FS% due to poor myocardial 
contractility can be found in cases of myocarditis, myocar- 
dial fibrosis or cardiomyopathy. Measurement of FS% 
immediately before and after exercise has been used to try 
to identify subtle myocardial disease causing poor athletic 
performance that is apparent only after exercise®”** but 
decreases in FS% after exercise may also reflect changes in 
preload associated with redistribution of blood flow after 
strenuous exercise™ (see Chapters 3 and 11). FS% can be 
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expected to decrease with AF due to decreased preload. 
( ` AF) Sedative drugs also cause a decrease in FS%” 
while an increase in FS% may be found when preload is 
increased as a result of volume overload and when after- 
load is significantly reduced. Consequently, FS% can be 
expected to increase with severe MR and AR, at least until 
the point that myocardial failure ensues. Thus, where 
normal FS% is found in the presence of severe MR or AR, 
concurrent ventricular failure should be suspected. A sig- 
nificant increase in LVIDs may also be indicative of myo- 
cardial failure. ( ^ VMD) 

The motion of the IVS can be affected by changes in 
ventricular filling or emptying and by the pressure gradi- 
ent between the LV and RV. In severe MR, the systolic 
motion of the IVS may be exaggerated because of the low 
afterload that results from the incompetence of the mitral 
valve and the concurrent increased filling volume. In AR, 
the diastolic motion of the IVS is also often exaggerated 
because of increased ventricular filling and reduced after- 
load. Whereas, if RV pressure or volume overload is severe, 
paradoxical motion of the septum may be seen,” with the 
IVS moving towards the LV free-wall during diastole. In 
some animals, both LV and RV volume and/or overload 
are present and the IVS may give the impression of “flap- 
ping” as it is influenced by both sides. ( ^ AR, PH, VMD) 


Valvular thickening 


Valvular incompetence most commonly results from 
degenerative disease within the leaflets but can also be 
due to infective endocarditis, congenital dysplasia or non- 
septic valvulitis (see Chapters 16 and 17). Degenerative 
valvular disease may result in diffuse or localized thicken- 
ing in the atrioventricular valves. Nodular or band-like 


thickening often affect the aortic valve, most commonly 
on the right and left coronary cusps, and may or may 
not result in AR. Thickening of the atrioventricular valves 
due to mild or moderate degenerative disease is often 
subtle and in a substantial number of cases of degenera- 
tive MR, thickening of the valves is not detected echo- 
cardiographically. Conversely, it is possible to create the 
appearance of thickening by inappropriate use of the gain 
controls. Care must therefore be taken in interpreting 
diffuse thickening. An echogenic appearance to the tip of 
the left coronary cusp in a right parasternal long-axis view 
is a common echocardiographic artifact and should not 
be mistaken for a nodule. Aortic nodules are more com- 
monly situated a little way from the free border of the 
cusp and are often most easily seen in a short-axis view 
(Fig. 9.19). Echocardiography is helpful in establishing a 
diagnosis in animals with infective endocarditis (see 
Chapter 17). Identification of large vegetative lesions is 
diagnostic of infective endocarditis but moderately sized 
nodular lesions could be due to either degenerative or 
infective pathology and the clinical and laboratory find- 
ings may also help to differentiate the pathogenesis (see 
Chapter 17). ( ° AR, IE, VMD) 


Valvular motion 


Motion of the valves can be affected by valvular disease, 
myocardial disease and by arrhythmias. Many cases of MR, 
TR and AR are associated with prolapse of the valves and 
in most of these instances the regurgitation is fairly mild 
and nonprogressive.** Localized prolapse occurs when the 
valve buckles into the atrium or ventricle and the change 
in the shape of the valve can result in incompetence. 
( ` AE SFP) Prolapse may also be detected in animals in 


Figure 9.19 Right parasternal long-axis (A) and short-axis (B) echocardiograms of the left ventricular outflow tract from an 
8-year-old Cleveland Bay gelding. A nodule is present on the left coronary cusp (arrow). RA, right atrium; RV, right ventricle; 
LVOT, left ventricular outflow tract; Ao, aorta; PA, pulmonary artery. 
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Figure 9.20 Left parasternal long-axis (A) and short-axis (B) echocardiograms of the left atrium (LA) and left ventricle (LV) 
from an 8-year-old Cleveland Bay gelding with a ruptured chorda tendinea of the mitral valve (MV). The ruptured chorda 
tendinea is visible within the left atrium (arrows). Some of the intact chordae tendineae (arrowheads) are also visible. 


which the competence of the valve is maintained. Valvular 
prolapse is less likely to progress to result in clinical pro- 
gression than degenerative valvular disease, therefore, it is 
important to distinguish prolapse from thickening. More 
exaggerated valve motion is seen if chordae tendineae 
rupture.” This results in a “flail” leaflet, in which the tip 
of the valve is seen within the atrium. The right commis- 
sural cusp of the mitral valve is most commonly affected, 
and this may be seen most clearly from a left parasternal 
long-axis view (Fig. 9.20). ( ` RCT) 

M-mode echocardiography, with its excellent temporal 
resolution, can demonstrate valve motion extremely well. 
The atrioventricular valves have a typical M-shaped pattern 
of motion associated with early diastolic filling (E wave) 
and atrial contraction (A wave) (see Fig. 9.5) The ratio 
of the E wave and A wave gives some indication of the 
relative contribution to ventricular filling.'° For example, 
the A peak of AV valve motion will be absent in atrial 
fibrillation, and may be replaced by small undulations*® 
( ` AF) and with atrioventricular block there may be extra 
A waves during diastole. ( ) AR) Abnormal filling of the 
ventricles may result in a change in the E wave to A wave 
ratio'®; however, examples of the use of valve motion to 
assess abnormal diastolic function in horses are poorly 
documented. High-frequency vibration of the aortic valve 
and/or anterior mitral leaflet in diastole is diagnostic of 
AR.” () AR) 

The motion of the semilunar valves can be used, in 
association with the ECG, to measure the time taken for 
different systolic events known as systolic time intervals 
(see Fig. 9.4) Useful information about ventricular func- 
tion can be derived from these measurements: prolonga- 
tion of the pre-ejection period and decreases in ejection 
time suggested reduced global ventricular function which 
may be due to one or more of decreased myocardial 


Figure 9.21 A left parasternal long-axis echocardiogram of 
the left ventricular outflow tract (LVOT) and aorta (Ao) from 
a horse with congestive heart failure. The sluggish blood 
flow has become so echogenic that a jet of aortic 
regurgitation is visible (arrows). 


function, decreased preload or increased afterload?**’ 
(see Chapter 1). ( `AE CN, PC, VMD) 


Spontaneous contrast 


In most species, moving blood is anechoic; however, in 
normal horses, blood within the heart may appear echo- 
genic depending on the gain settings of the echocardio- 
graphic unit. It can be particularly prominent when blood 
is slow moving such as in sedated animals, and it can be 
very striking in animals with congestive heart failure (Fig. 
9.21). In the past, an association between spontaneous 
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contrast and poor athletic performance, in particular in 
horses with a history of exercise-induced pulmonary 
haemorrhage (EIPH), was suggested.** However, sponta- 


neous contrast is often found in healthy horses, particu- 
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INTRODUCTION 


Electrocardiography is used for the diagnosis of cardiac 
rhythm disturbances that may have been identified during 
a physical examination. However, some arrhythmias are 
not present at the time of electrocardiography, despite 
being obvious during physical examination, or may be 
suggested by a clinical history of intermittent reduction in 
cardiac output and not identified clinically. There are 
several reasons why the arrhythmia may not be detected 
at the time of recording a patient-side ECG and may be 
related to changes in autonomic tone such that they only 
occur during exercise or during rest. In these situations 
ambulatory electrocardiography can be very useful in 
order to document cardiac rate and rhythm at the times 
when clinical signs have been reported, such that a dys- 
rhythmia may be reproduced. In addition, ambulatory 
electrocardiography can be useful in the critical care 
setting where cardiac rhythm disturbances may occur as a 
result of electrolyte and fluid status or even following drug 
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administration such as quinidine sulfate for the treatment 
of atrial fibrillation (AF). 

Traditionally ambulatory ECG devices were defined as 
being either continuous ambulatory monitors that 
recorded the ECG signal for subsequent analysis or radio- 
telemetric devices that transmitted the ECG signal to a 
terminal where they could be viewed in real time. These 
boundaries have now been blurred and devices are able to 
both store and transmit ECG data to be viewed in real- 
time and interrogated more thoroughly at a later stage. 
Despite this, the traditional definitions are still valid in 
terms of how the ECG signal will be used, although 
since they are all ambulatory monitors, the clinical uses 
will be defined as resting or exercising ambulatory 
electrocardiography. 

Continuous ambulatory (Holter) electrocardiography 
traditionally refers to an ECG device that records the ECG 
signal for subsequent analysis. There is no requirement for 
the ECG to be monitored during the recording, with the 
possible exception of ensuring an adequate signal is 
present. The ECG signal can be recorded using a variety of 
technologies ranging from analogue audiotapes, mini- 
discs, or solid state memory devices. The duration of the 
recording can be variable, traditional tape-based analogue 
systems used to provide a 24-hour recording period while 
modern solid state devices can record for up to a week. 
The longer periods of recording are more likely to be rep- 
resentative of any intermittent dysrhythmia but require 
more time to process and since the automated algorithms 
used are designed for use in human patients they are not 
always accurate when analysing equine ECGs. This form 
of device is most appropriate for stable/paddock rest or 
low intensity/endurance exercise where it is not possible 
to follow the path of the horse or stay within range of a 
radio signal. 
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Radiotelemetric ECG devices transmit an ECG signal to 
a distant terminal where it can be visualized without 
immediate detailed analysis. This brings with it a require- 
ment for trained observers to be present to identify abnor- 
malities and react to these as they occur. Recently, internet 
and mobile phone ready devices have been established 
allowing remote monitoring by trained personnel. The 
obvious advantage of this system is that it allows the 
observer to intervene should any dysrhythmia occur, and 
therefore is ideal for exercise and in a critical care setting. 


ELECTRODE PLACEMENT 
FOR AMBULATORY 
ELECTROCARDIOGRAPHY 


In order to obtain a diagnostic ambulatory ECG it is usual 
to use a chest-lead system so that electrodes can be placed 


underneath a girth or surcingle that will ensure appropri- 
ate contact between the electrode and the skin, will reduce 
movement artifact and will provide a point for attachment 
of the device. In order to optimize the ECG for automated 
processing the lead placement is usually such that the 
positive electrode (right arm) is placed at the top of the 
thorax on the left-hand side at the level of the vertebral 
bodies while the negative electrode (left arm) is placed on 
the sternum. If multiple leads are being used the neutral 
(left leg) is placed on the right-hand side of the thoracic 
wall. The earth (right leg) electrode can be placed any- 
where around the girth area. It is usual to clip the horse 
where the electrodes will be placed and to use self-sticking 
electrodes that contain contact gel. It may be necessary to 
apply surgical spirit to maintain electrical contact espe- 
cially in hot climates. The girth should be applied tightly 
to prevent movement of the electrodes. This arrangement 
of electrodes should record an ECG with a negative QRS, 
positive P and T waves (Fig. 10.1). 
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Figure 10.1 Continuous ECG of a horse with sinus rhythm and occasional supraventricular premature depolarizations (SVPD) 


obtained via a 24-hour continuous Holter recorder. Notice both SVPD have normal appearing premature QRS complexes that 
are preceded by a P wave and normal P-R interval. The sinus rhythm returns to normal following SVPD. Isolated ectopy is not 
uncommon in resting ambulatory recordings at a frequency of around one per hour. Modified base-apex ECG, 25 mm/second 


paper speed. 
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RESTING AMBULATORY 
ELECTROCARDIOGRAPHY 


Resting ambulatory electrocardiography can be useful in 
order to establish true resting heart rate and rhythm as 
well as to document the frequency of any intermittent 
dysrhythmia. Resting ambulatory electrocardiography is 
indicated in animals that are presented for investigation 
of poor performance and/or collapse where the purpose 
of the recording is to identify intermittent dysrhythmias 
that may themselves be clinically significant or that suggest 
underlying myocardial disease. Resting electrocardiogra- 
phy is also indicated in the clinical care setting. 

When interpreting resting ambulatory ECGs some dys- 
rhythmias are often found that are of no clinical signifi- 
cance; the prevalence of second degree atrioventricular 
block (AVB)' is much higher during ambulatory record- 
ings at rest than during patient-side ECG recording as a 


result of reduced sympathetic stimulation when the 
animal is returned to a more natural environment. This is 
a normal physiological dysrhythmia and should be of no 
significance if it resolves during light exercise. Occasional 
ventricular (VPD) and supraventricular premature depo- 
larizations (SVPD) can also be seen on resting ambulatory 
recordings and provided that they occur less than 1 per 
hour and are not present at exercise are not considered 
abnormal (Figs. 10.1 and 10.2). 

AF most frequently presents as a persistent dysrhythmia, 
but can also present as a paroxysmal form where the 
dysrhythmia spontaneously resolves. Although resting 
ambulatory electrocardiography is unlikely to identify 
this, if not present on a patient-side ECG, horses may have 
frequent isolated SVPD between episodes. If these are 
present and the horse has a history of a dysrhythmia 
following exercise, often associated with a sudden loss of 
performance,’ then this may support a tentative diagnosis 
of paroxysmal atrial fibrillation. If isolated SVPD are 
frequent without a history that supports a diagnosis of 
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Figure 10.2 Continuous ECG of a horse w 
obtained via a 24-hour 
is widened and bizarre in appearance when compared to the o 


ventricular premature depolarization is oriented in the opposite 


ith sinus rhythm and occasional ventricular prema 
continuous Holter recorder. Notice the ventricular premature depol 


occurs but is not conducted through to the ventricle, resulting i 
25 mm/second paper speed. 


ure depolarizations (VPD) 
arization with its QRS complex that 
her normally conducted QRS complexes. The T wave of the 
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n a compensatory pause. Modified base-apex ECG, 
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paroxysmal atrial fibrillation the horse should undergo 
a full cardiovascular assessment. Although SVPD are 
unlikely to destabilize and compromise cardiac function 
they may be evidence of underlying atrial myocardial 
disease. ( AF SFP, VMD) 

Frequent VPD (see Fig. 10.2) that are present on an 
ambulatory resting ECG may be suggestive of underlying 
myocardial disease or may occur in horses with aortic 
valve disease and should prompt a thorough investigation 
in an attempt to document underlying pathology and 
determine whether treatment is likely to be effective (see 
Chapter 13). In a study of 38 horses with ventricular dys- 
rhythmias, 14 had frequent VPD and were managed by 
pasture rest and the administration of corticosteroids 
based on a presumptive diagnosis of myocarditis. There 
was an improvement of dysrhythmia frequency in nine 
horses, in five of which the dysrhythmia was completely 
abolished suggesting that these dysrhythmias represent 
underlying myocardial pathology (Bowen IM, Marr CM, 
unpublished observations). Frequent or complex VPD are 
reported to be associated with sudden cardiac death in 
humans’ and horses’ and it is believed that they persist or 
deteriorate in horses that are kept in exercise. Therefore, 
rest is an important aspect of management of these 
animals and glucocorticoids are sometimes recommended 
in the belief that the period of rest required would be 
shorter. Where horses have frequent isolated ventricular 
premature complexes their prevalence should be evalu- 
ated during exercise. Although isolated single VPD have 
little effect on cardiac output, they may become more 
frequent with exercise or result in ventricular tachycardia, 
which could result in collapse during exercise or even 
sudden death should ventricular tachycardia develop into 
ventricular fibrillation. ( AF AR, RCT) 

Ventricular tachycardia is most likely to be seen in the 
critical care setting with the use of ambulatory or telemet- 
ric electrocardiography (see Chapter 21). There is a par- 
ticular association between horses with gastrointestinal 
tract disease and ventricular dysrhythmias, and electro- 
cardiography should be considered when heart rates are 
higher than would be expected for the degree of pain 
and hypovolaemia.’ These dysrhythmias may represent 
changes in electrolyte, acid-base or fluid status or endo- 
toxaemia and therefore an assessment of the underlying 
cause is important. Cardiac troponin I concentrations 
may be increased in horses undergoing exploratory 
laparotomy for the correction of strangulating small intes- 
tinal lesions. This suggests a degree of cardiac myocyte 
damage, which in one study was shown to be related to 
hypovolaemia rather than endotoxaemia.° Therefore, 
volume expansion should be considered in these animals. 
Criteria for diagnosis and specific management of ven- 
tricular dysrhythmias are detailed in Chapter 13. The aim 
of diagnosis, management and monitoring of these 
animals is to identify those at risk from progression to 
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ventricular fibrillation which is rarely amenable to 
intervention. 


EXERCISING AMBULATORY 
ELECTROCARDIOGRAPHY 


Exercising electrocardiography can be used to assess the 
significance of dysrhythmias detected at rest and to iden- 
tify dysrhythmias that were otherwise undetected and that 
only occur during exercise. The advantage of ambulatory 
electrocardiography in this setting is that the animal can 
be examined in the same conditions that provoke clinical 
signs. Exercising ambulatory electrocardiography is indi- 
cated for investigation of horses that are presented for 
investigation of poor performance and collapse and 
should form part of the evaluation of a horse with aortic 
valve regurgitation. In addition to providing information 
about cardiac rhythm cardiac rate can be obtained and can 
be compared to speed of the horse at the time using either 
a high-speed treadmill or GPS-based velocity devices. 
Further details regarding exercise testing and interpreta- 
tion of exercising electrocardiography can be found in 
Chapter 11. 


HEART RATE VARIABILITY 


Heart rate variability describes and quantifies the beat-to- 
beat variability in heart rate that occurs due to neurohor- 
monal control of heart rate. Currently the technique is not 
in routine clinical use for the diagnosis or monitoring 
of cardiovascular disease in the horse; however many 
large-scale studies have shown it to be a useful method 
of predicting prognosis in various cardiac disease states 
in human beings. Therefore an understanding of these 
methods may prove useful in further improving the 
veterinarian’s ability to stratify risk in horses with cardiac 
disease. 

Heart rate is not static, even in the resting horse, and 
changes in beat-to-beat intervals occur in the normal 
healthy animal. As such, the classical view of the heart 
possessing a metronome-like character only applies to the 
decentralized heart. In vivo the heart is under the influ- 
ence of both the autonomic nervous system and the neu- 
roendocrine system in order to maintain normal arterial 
blood pressure and result in cyclical changes in heart rate 
(R-R intervals). Techniques of assessing heart rate varia- 
bility therefore quantify neurohormonal control and do 
so independently of heart rate providing an indicator of 
cardiovascular well being. The greater the heart rate vari- 
ability, the healthier the heart. For example, both respira- 
tory sinus arrhythmia and second degree atrioventricular 
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block are considered normal physiological dysrhythmias™7 
and are a result of autonomic control of the heart. 


Determination of heart 
rate variability 


Heart rate variability can be determined from a recorded 
ECG by extraction of normal R-R intervals (termed N-N 
intervals; normal-normal) either manually or automati- 
cally. These data can then be used to create a tachogram 
of R-R data (Fig. 10.3) and used for subsequent analysis. 
The duration of recording and environment in which the 
recording is made is important to consider. Most heart rate 
variability indices are obtained from continuous ambula- 
tory recordings where the influence of external stimuli 
such as handling and transport can be excluded while 
providing large amounts of data that can be analysed. 
Accurate detection of normal intervals is essential and 
therefore the quality of ECG recording is vital in calculat- 
ing accurate heart rate variability indices. The author's 
recommendations for obtaining ECG recordings for heart 
rate variability analysis are shown in Table 10.1. 
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Figure 10.3 Tachogram of normal R-R (N-N) intervals from 
a horse showing cyclic fluctuations in heart rate. 


Table 10.1 Clinical recommendations for the use of 
heart rate variability in the horse 


Horses should be maintained in a familiar environment 
Recordings should be made during minimal disruption, 
and for at least 4 hours (preferably at night) 

Ensure good quality recordings with R wave 
amplitudes at least twice that of T waves 

Exclude dysrhythmias, including physiological second 
degree atrioventricular block using electronic filters 
(65-175%) 

Time domain analysis: hourly calculations using SDNN, 
TI, RMSSD and sNN100 

Vaso-vagal tonus index calculated from 20 complexes 
Frequency domain: perform hourly calculations using 
1024 N-N intervals using high frequency >0.07 Hz and 
low frequency 0.05-0.07 Hz 


For most applications automated processing of the ECG 
is essential to provide N-N data since manual processing 
would be too labour intensive. This can be done using 
computer-based algorithms that determine shape, size and 
timing of the ECG waveforms in order to identify normal 
intervals. Since the extraction of N-N data usually relies 
upon algorithms designed for use in human cardiology it 
is important to optimize the ECG recording to provide 
large QRS complexes and small T waves with minimal 
movement artifact. As previously discussed it is often 
helpful to place electrodes for ambulatory recordings 
under a girth or surcingle to ensure adequate contact is 
maintained. 

Having obtained an ECG and identified normal 
intervals the tachogram can be further filtered to remove 
mis-detected prematurity or movement artifact using 
timing-based filters that remove intervals if they differ 
excessively from the previous interval durations. This is 
important as heart rate variability is used to assess fluctua- 
tions brought about by autonomic control, not due to 
abnormal conduction within the myocardium (dysrhyth- 
mia). Since physiological changes in heart rate are not 
sudden, acute changes are likely to represent artifact, pre- 
mature complexes, prolonged pauses and second-degree 
atrioventricular block. However, filtering all episodes of 
second-degree AV block from equine ECG recordings may 
remove important information about autonomic control 
of the equine heart since second-degree AV block is 
brought about by similar contro] mechanisms that induce 
respiratory sinus arrhythmia in other species; vagal outflow 
results in blocked conduction through the AV node, rather 
than slowing discharge from the sinoatrial node. Remov- 
ing this from heart rate variability calculations removes a 
large amount of information, but to include it would 
result in a greater amount of heterogeneity of heart rate 
variability in normal animals. In addition, it would 
prevent the use of time-based filters which often overcome 
the shortcomings of shape-based algorithms based on 
human ECG recordings. Consequently the author recom- 
mends that time-based filters are set to remove intervals 
that are less than 65% or more than 175% of preceding 
intervals (see Table 10.1). 


Time domain analysis of heart 
rate variability 


Time domain analyses of heart rate variability are simple 
robust methods that use statistical or geometric techniques 
to quantify changes in heart rate. There are many different 
types of time domain analyses and these provide a global 
view of autonomic control of the heart. They can be 
applied to long-duration recordings as well as short but 
are relatively resistant to the effects of artifact or mis- 
detected complexes so are most likely to be clinically 
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useful in the horse. Other time domain analyses are used 
in human medicine but those in equine use include the 
following. 


Standard deviation of normal 
intervals (SDNN) 


SDNN is the simplest method of assessing variability of 
normal intervals and gives an overall assessment of auto- 
nomic function. It is important that results are compared 
from the same duration of recordings and since 24 hours 
of artifact and stimulation free recording are difficult to 
obtain in horses, 4-hour recording may be an appropriate 
compromise.” SDNN has been widely used in a range of 
physiological studies in both equine and human studies. 
There is no information about the repeatability of SDNN 
calculation from horses obtained on consecutive days. 


Vasovagal tonus index (VVTI) 


VVTI is a simple method of assessing autonomic control 
based on the natural logarithm of standard deviation of 
normal intervals (VVTI = In{sonn) ). VVTI has been described 
as a method for assessing heart rate variability over short 
periods using just 20 consecutive beats. In dogs, VVTI has 
been shown to be reduced in animals suffering from con- 
gestive heart failure. Preliminary studies in eight horses 
showed relatively good repeatability of results from con- 
secutive days using this technique.’ Since VVTI uses only 
short-term recordings these data are an indicator of vagal 
control of heart rate and therefore may be appropriate in 
the resting horse, which is primarily under vagal influence 
without the need for ambulatory monitoring. 


Other statistical methods 


The root mean square of successive intervals (RMSSD) and 
number of intervals greater then 50 ms (sNN50) are esti- 
mates of high-frequency fluctuations that have been used 
in human cardiology. Due to the lower heart rate in horses 
than in humans the sNN100 is recommended by the 
author, and results in similar normal range (approxi- 
mately 200 per hour) to the sNN50 in humans. However, 
since this index is affected by heart rate it is only applica- 
ble to the resting horse. 


Geometric methods 


Geometric methods convert N-N intervals into geometric 
shapes which provide a further method of filtering aber- 
rant data by forcing a geometric filter over this data. The 
simplest method is the triangular index (TI; Fig. 10.4) 
which plots a histogram of N-N data. The index is then 
calculated as the number of N-N intervals divided by the 
peak of the histogram. Because outliers are excluded from 
the data set by this method it overcomes many of the 
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Frequency of RR interval 


RR interval 


Figure 10.4 Geometric filter for heart rate variability 
analysis, showing the method of calculation of triangular 
index. Mechanical filter derived by fitting shape to triangular 
distribution. Light-shaded area shows area used for 
calculations. Outliers are excluded. B, base of triangle; H, 
height of triangle. 


problems in terms of artifact detection and interval-based 
filtering. However, this technique requires more N-N 
intervals to construct a useful histogram and in human 
cardiology is not recommended for recordings less than 
30 minutes. Therefore, in equine use they would require 
an ECG recording of at least 60 minutes to provide useful 
clinical data. 


Frequency domain analysis 
(power spectral analysis) of 
heart rate variability 


Frequency domain analysis of heart rate variability uses 
spectral analysis techniques to attempt to separate the 
effects of different components of the neuroendo- 
crine system on fluctuations of heart rate. The renin- 
angiotensin-aldosterone system affects heart rate over a 
long period of time (seconds to minutes), the sympathetic 
nervous system over a short period of time (seconds) and 
the parasympathetic nervous system on a beat-to-beat 
basis (seconds). Frequency domain analysis is highly sus- 
ceptible to the effects of artifact on its results and therefore 
is usually only calculated over 5-10-minute intervals per 
hour in humans. Spectral analysis shows the effect (power) 
of each influence over a range of frequencies. Very low 
frequency (30 seconds to 5 minutes) and ultra low fre- 
quency fluctuations (more than 5 minutes 30 seconds) in 
heart rate are brought about by posture and the renin- 
angiotensin-aldosterone system, respectively. Low fre- 
quency fluctuations (6 seconds) are brought about by the 
sympathetic nervous system and high frequency fluctua- 
tions (2-6 seconds) are brought about by the parasympa- 
thetic nervous system (Fig. 10.5). Frequency domains 
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Figure 10.5 Frequency domain analysis of heart rate variability showing typical power spectral recording. Normal R-R (N-N) 
data is extracted from ECG recording, and power of frequency influences calculated in each domain. Trace shows high 
frequency (HF), influenced on a beat-to-beat basis by parasympathetic tone, low frequency (LF), influenced by sympathetic 
function and very low frequency, influenced by hormonal control (VLF). Frequency ranges are shown in Table 10.3. 


Table 10.2 Frequency domains defined for use in power spectral analysis in human beings and in the horse 


FREQUENCY RANGE FOR DOMAIN (HZ) 


MAN” HORSE” 


Ultra low frequency <0.003 ND 


HORSE” CONTROL MECHANISM" 


ND 


Very low frequency 0.003-0.04 ND 


0.001-0.005 


Low frequency 0.04-0.15 0.01-0.07 


0.005-0.07 Sympathetic 


Parasympathetic 


High frequency 0.15-0.40 0.07-0.6 


ND, not defined. 
From Malik”; Kuwahara et al'*; Bowen and Marr”. 


have been described in the horse using both respiratory 
plesmography”’ and pharmacological dissection" (Table 
10.2) and show many similarities. The author recom- 
mends using 1024 N-N intervals (see Table 10.1) rather 
than an arbitrary 5-minute time frame for use in frequency 
domain analysis. This should provide sufficient data in 
order to quantify the effects of both the high frequency 
and low frequency fluctuations in heart rate. 


Clinical applications of heart 
rate variability 


Heart rate variability has been investigated in a variety of 
clinical scenarios and disease states and has been shown 


0.07-0.5 Parasympathetic 
RAAS, renin-angiotensin- 


aldosterone system 


to provide prognostic information in cardiac and vascular 
diseases (Table 10.3). In almost all cases heart rate varia- 
bility is used as a research tool although the evidence to 
suggest its use in clinical medicine is growing. There is 
little published work investigating the use of heart rate 
variability in disease in the horse, although it has received 
some interest in exercise physiology and potentially for 
performance testing. 


Ventricular dysrhythmias 


Prediction of ventricular tachydysrhythmias is of consider- 
able importance in human medicine and in some cases 
can be fatal. Heart rate variability has been shown to 
decrease, with a particular fall in high frequency variability 
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Table 10.3 Some examples of clinical application for heart rate variability 


analysis in humans 


Post myocardial infarction 


Hypertension, congestive heart failure 


Heart transplantation 


Mitral regurgitation and valve prolapse 


Sudden death 


Ventricular and supraventricular arrhythmias 


Long QT syndrome 


Hypertrophic and dilated cardiomyopathy 


Syncope 


Diabetes mellitus, Chagas syndrome, 
systemic sclerosis 


Alcoholism 


Systemic lupus erythematosus 


Aerobic fitness 


Fitness training 


Effect of antiarrhythmic, ACE inhibitors and other cardioactive drugs 


After Camm and Fei.” 


Table 10.4 Time domain variables for heart rate variability analysis for 14 normal horses and 12 horses with ventricular 


arrhythmias (mean + SD) 


HORSES WITH VENTRICULAR 


NORMAL HORSES 


SDNN (ms) 158 (+70) 


ARRHYTHMIA 


CRITICAL LIMIT 
90 (+53)* 


Triangular index 37 (+47) 


24 (+9)* 


SDNN, standard deviation of normal intervals; critical limit, value below which suggestive of autonomic dysfunction. 


* Significantly different (p < 0.05). 


and an increase in low frequency (increased sympathetic 
and decreased parasympathetic function) in a variety of 
studies’? and has been proposed to be a method for 
identifying patients at increased risk who may benefit from 
early intervention. Changes in heart rate variability occur 
independently of the frequency of ectopy on an ambula- 
tory ECG and therefore are an independent risk factor for 
the development of significant tachydysrhythmias. 

In horses there is less evidence to suggest that heart rate 
variability could be used as a predictor for horses that are 
likely to suffer from ventricular tachydysrhythmias that 
may subsequently lead to collapse. However, in one small 
study of t12 horses that had ventricular dysrhythmias 
SDNN and TI were both lower than in age-matched 
controls (p < 0.05; Table 10.4), although there was some 
overlap between these groups which may represent differ- 
ences in severity of the condition in the horses with dys- 
rhythmias. The critical limits that the author considers 
abnormal in a clinical population are shown in Table 
10.4. These data suggest that further investigation of the 
use of heart rate variability in this group of animals may 
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lead to a better understanding of the pathophysiology of 
ventricular dysrhythmias and may, in the future, help cli- 
nicians to have a better understanding of which cases are 
likely to develop either life-threatening dysrhythmias or 
collapse during exercise. 


Congestive heart failure 


Congestive heart failure is a syndrome resulting from neu- 
rohormonal activation which can be documented using 
heart rate variability analysis in human patients, and 
subsequently can be improved with pharmacological 
manipulation with beta-blockers, ACE inhibitors and 
spironolactone.” Heart rate variability failed to offer prog- 
nostic information for Doberman Pinschers with cardio- 
myopathy, being different only in severely diseased 
animals, although VVTI was significantly reduced in a 
separate study of dogs with congestive heart failure.'® 
There are no reports of heart rate variability being used in 
horses with congestive heart failure. It would seem unlikely 
that the technique would offer any significant advantage 
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over existing diagnostic methodologies and in view of the 
general poor response to therapy for congestive heart 
failure in this species. 


Valvular heart disease 


Time domain indices of heart rate variability has been 
investigated as a prognostic tool for both aortic and mitral 
valve disease in human patients and has been shown to 
predict mortality or subsequent deterioration such that 
valve replacement is required.'”'* VVTI has also been 
shown to correlate with the severity of left atrial enlarge- 
ment in Cavalier King Charles Spaniels with mitral valve 
disease. In horses VVTI has been shown to be reduced 
(7.90 + 0.9; n = 17) compared to a group of horses without 
cardiac disease (9.10 + 0.9; n = 21)? although there was 
no difference between those with mild aortic regurgitation 
(normal left ventricular diameter, n = 8) compared to 
those with severe aortic regurgitation (increased left ven- 
tricular diameter, n = 9). These changes in heart rate vari- 
ability are presumed to represent changes in autonomic 
function as with other forms of congestive heart failure. 
This study was undertaken retrospectively and did not 
address which animals subsequently developed significant 
complications and therefore the value of VVTI as a method 
of predicting risk cannot be assessed. However, if heart 
rate variability could offer this prognostic information this 
would be a relatively simple technique since it uses only 
20 consecutive beats. 


Atrial fibrillation 


In general, heart rate variability should not be calculated 
from animals with dysrhythmias since this will represent 
myocardial activity rather than changes in autonomic 
function. However, heart rate variability has been deter- 
mined in horses with AF and demonstrates an underlying 
periodicity in horses brought about by parasympathetic 
modulation of heart rate that modulates the ventricular 
response.'””° This demonstrates an ability to document 
physiological states but offers little clinical information in 
horses undergoing treatment for this condition. 


Dysautonomias 


Cardiac dysautonomia in human patients with diabetes 
mellitus has been documented using time domain indices 
of heart rate variability and correlates with the severity of 
neuropathy.” Horses with equine grass sickness also have 
evidence of cardiac dysautonomia by changes in time 
domain indices of heart rate variability.” This may explain, 
in part, the excessively high heart rates in horses with 
equine grass sickness that usually cannot be explained by 
the degree of hypovolaemia or pain. This finding is sup- 
ported by chromolytic changes seen in the parasympa- 


thetic terminal ganglia of affected horses. Although this 
finding does not constitute a clinical pre-mortem diagnos- 
tic test it provides further evidence that heart rate variabil- 
ity provides valid clinical information in the horse. 


Effects of exercise and stress on 
heart rate variability 


Training and detrain have both been shown to affect heart 
rate variability in humans, in particular in relation to 
increased low frequency fluctuations from frequency 
domain analysis.” Similar changes are found in horses, 
especially in relation to low frequency fluctuations sug- 
gesting limited effects of training on the parasympathetic 
function of the horse.” During exercise heart rate vari- 
ability decreases until heart rates reach approximately 
130 bpm, after which time non-neural mechanisms result 
in an increase in high frequency fluctuations. These are 
likely to be influenced by external factors such as locomo- 
tion forces. As a result heart rate variability only provides 
information about autonomic control of the heart during 
moderate intensity of exercise.” There are no data to 
suggest that exercise performance can be predicted by 
heart rate variability scores. 

Since heart rate variability reflects cardiac autonomic 
tone it is unsurprising that stress and pain both affect these 
indices. Transport has been shown to result in a reduction 
in heart rate variability” suggesting that it could be a 
noninvasive method of determining stress. In horses 
with laminitis there was no correlation between heart rate 
variability indices and plasma cortisol concentrations, 
although pain was associated with a decrease in high fre- 
quency and increased low frequency fluctuations.” These 
effects were offset by administration of analgesic agents. 
Although it may be difficult to use heart rate variability as 
a method for assessing the impact of management factors 
on welfare of single animals, changes brought about 
by interventions may become apparent using these 
techniques. 


CONCLUSIONS 


Ambulatory electrocardiography provides considerable 
information relating to both the frequency of intermittent 
dysrhythmias and to identify critical dysrhythmias associ- 
ated with clinical signs. In addition ambulatory recordings 
can be used for the quantification of heart rate variability 
in the horse. Although this technique has, as yet, no clini- 
cal indication, further investigations in this field may 
build on several small preliminary studies and provide 
additional prognostic information for the determination 
of heart rate variability in the horse. There are many 
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factors that influence the reliability of heart rate variability 
analysis, and repeatability and reliability of the different 


used to ensure results can be transferred and interpreted 
between laboratories. Until these can be agreed, the author 


measures needs to be established and standardized criteria 
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INTRODUCTION 


Horses are most commonly used as athletes, whether for 
professional purposes or for pleasure riding. Because of 
this, veterinary expertise is often sought if horses are 
unable to complete the desired work level or are no longer 
performing at the previous level of ability. Because evalu- 
ations of poor performance athletes have become more 
common, the importance of functional evaluation during 
exercise has been increasingly recognized in recent years. 
Musculoskeletal and respiratory problems are the most 
common reasons horses may be unable to perform ade- 
quately, but in many cases a cardiovascular cause is sus- 
pected. These horses may appear healthy on physical 
examination, and be capable of performing lower work- 
loads or living a non-athletic life, but are unable to 
compete successfully in more strenuous activities because 
of cardiac disease. Return to previous function is generally 
the goal of diagnosing and treating cardiac problems in 
horses with performance limitations. This differs from 
human and small animal medicine, where the goal of 
management of cardiac disease is often primarily to 
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increase longevity and to improve quality of life, rather 
than restore or improve performance. 

When asked to evaluate a horse for poor athletic per- 
formance, it is not uncommon for the veterinary clinician 
to encounter cardiac murmurs or dysrhythmias on physi- 
cal examination, and for the horses presented for poor 
performance to also have concurrent mild cardiac disease. 
The clinician must determine if an observed cardiac abnor- 
mality is causing the decrement in atheletic performance, 
or if another body system is more likely to be responsible. 
Because murmurs and dysrhythmias that may be either 
physiological or not clinically important are extremely 
prevalent in horses, this can be challenging and in these 
cases, an exercise test can be useful to determine whether 
the horse’s performance is actually limited by an observed 
cardiac problem. 

Although resting examinations are critical and will 
allow recognition of many clinical problems that affect 
performance, exercise tests have become more important 
in recent years, and in particular they may help the clini- 
cian to assess dynamic problems. Exercise results in tre- 
mendous changes in the cardiovascular system of the 
horse, such as increases in heart rate, myocardial contrac- 
tility, venous return, blood pressure and blood supply to 
working muscles. These adaptations are responsible for 
their superior athletic ability. Horses have a remarkable 
cardiovascular reserve: cardiac output can increase by 
8-10 times over resting values in the more elite athletes, 
and heart rate can increase sevenfold over resting heart 
rates. Because of their large cardiovascular reserve, subtle 
abnormalities may not be obvious at rest. It is often not 
until stressed closer to physical limits with exercise that 
abnormalities become apparent. In addition, they may 
have exercise-induced problems such as dysrhythmias, 
which are not present at rest. Therefore, exercise testing is 
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used in an attempt to reproduce the working conditions 
causing clinical signs. 

Several advances in techniques in recent years have 
helped improve clinicians’ abilities to diagnose cardiac 
abnormalities. While cardiovascular diseases have been 
recognized as a potential cause of poor athletic perform- 
ance for years, documentation has been difficult because 
of technical limitations of examinations and other reasons 
mentioned above. The development of the high-speed 
treadmill has been one of the critical factors facilitating 
diagnosis of dynamic abnormalities in several body 
systems. It has allowed physiologists to study normal 
exercise function and clinicians to recognize abnormal 
function, in a controlled setting. Some of the techniques 
currently available in clinical situations include exercising 
electrocardiography and pre- and post-exercise echocardio- 
graphy. Other more invasive techniques that may become 
more widely used in the future would include exercising 
cardiac output and evaluation of exercising systemic and 
pulmonary arterial blood pressures. In addition, recent 
attention has turned to pharmacological cardiac stress 
testing and the possibility of using this as a substitute for 
exercise stress testing in some situations, as is done in 
human medicine. 


ELECTROCARDIOGRAPHY 


Exercising electrocardiographic 
methods 


Electrocardiography (ECG) is the gold standard for defini- 
tively diagnosing rhythm disorders,'? and permits moni- 
toring of the horse’s heart rate and rhythm during exercise. 
Continuous monitoring of the ECG can be accomplished 
with telemetry, with electrodes positioned in a modified 
base-apex configuration and attached to a transmitter that 
sends signals to a receiver.*’ Electrodes can either be 
placed on the neck base and flank or positioned, under a 
surcingle, at the level of the sixth or seventh intercostal 
space (Fig. 11.1). The signal is then displayed on an oscil- 
loscope, which can be digitized or printed to permanently 
record the ECG. These types of systems can be used in 
conjunction with various exercise tests that best mimic or 
exceed the usual level of exercise of the horse. This can 
include simply lungeing the horse, riding the horse on the 
flat or over jumps, or exercising it at high speed on a 
racetrack, training gallop or on a high-speed treadmill. 


-ve 


Figure 11.1 Options for electrode placement during exercising ECG. The inset illustrates a transverse section and shows the 
relationship of the electrodes around the heart. RA, right arm; LA, left arm; LL, left leg. 
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Although less desirable than telemetry, continuous 
24-hour ambulatory ECG monitoring (see Chapter 10) 
can also be used to monitor heart rate and rhythm during 
exercise. The main disadvantage with Holter monitors is 
that they do not display the ECG in real time. However, 
in some situations, when the exercise area is beyond the 
range of a telemetry unit, they may be more appropriate 
to use. For example, if it is not practical to reproduce 
exercising conditions using a treadmill, arena or racetrack, 
such as may occur with dysrhythmias suspected during 
endurance exercise, a Holter monitor can be placed during 
a long distance ride. This allows the potential to re-create 
similar environmental conditions and stresses. Holter 
montitors can also be used to identify the presence of 
dysrhythmias in a 24-hour period that warrants assess- 
ment for dysrhythmias during exercise. 


Heart rate 


Monitoring the heart rate at different exercise intensities 
and as the horse recovers from exercise has been utilized 
to determine fitness and the presence of possible cardiac 
disease. A range of heart rates for various exercise intensi- 
ties has been described, with an expected heart rate of 
80-120 beats per minute (bpm) at the trot (nonracing), 
120-150 bpm at the canter, 150-180 bpm at a hand 
gallop and >200 (200-240) bpm at maximum exercise 
intensity“ (Fig. 11.2). If the heart rate deviates from these 
ranges, cardiac disease or lack of fitness may be a cause; 
however, it is important to remember that noncardiac 
factors may play a role in determining heart rate, including 
pain, respiratory disease, dehydration, or environmental 
conditions such as high heat or humidity. These other 
causes must first be ruled out before attributing heart rate 
deviations to cardiac disease. These ranges are also useful 
to determine if the horse is capable of performing its 
expected workload. If a horse can attain the desired level 
of work before reaching its maximal heart rate, it should 
theoretically be able to maintain that intensity, barring 
other problems. If it reaches a maximal heart rate at low 
speeds or exertion, it is unlikely it will be able to perform 
more vigorously. ( ` AF VSD) 

Heart rate decrease following exercise has also been 
used as a guide to fitness or cardiovascular problems. Gen- 
erally, after very high-intensity exercise the horse’s heart 
rate decreases to below 100 bpm within 5 minutes, and 
returns to normal within 45 minutes. The same caveats for 
interpretation of delayed return of heart rate to normal 
values are true with heart rate recovery. This can be influ- 
enced by many other factors including pain, respiratory 
disease, dehydration, heat and humidity. 


Variations in ECG configuration 


Although changes in the configuration of the ECG, in 
particular, the T wave have been used to predict perform- 
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ance or organic heart disease, caution must be used in the 
interpretation of some deviations. Some of the compo- 
nents may have a different appearance from that expected, 
depending on changes in autonomic nervous system tone, 
with the most notable changes occurring in the T wave. 
During strenuous exercise the ECG becomes more difficult 
to critically evaluate because of high heart rates and 
motion artifacts. There are several changes that occur in 
the ECG during exercise. The T wave will often change 
polarity during exercise, from biphasic or negative to posi- 
tive, with an increase in amplitude, if a modified base-apex 
lead system is used. The T wave may remain positive for 
some time after exercise has ended and the heart rate 
decreases, before returning to a resting configuration. The 
amplitude of the QRS may increase and be variable during 
exercise, and depending on the positioning of the elec- 
trodes, there may be motion-related artifacts. The P-R and 
Q-T intervals will shorten as the heart rate increases, 
however there will be little change in the QRS duration. 
The P wave will often become difficult to discern with 
increasing heart rates, as it can become buried in the pre- 
ceding T wave. However, the R-R interval should always 
remain absolutely regular, and the polarity of the QRS 
should remain the same. 


Dysrhythmias associated 
with exercise 


Monitoring for the presence of dysrhythmias is the most 
important benefit of performing an exercising ECG. Con- 
tinuous monitoring of the heart rhythm during exercise is 
vital to the diagnosis of dysrhythmias that may impact 
performance, or potentially even result in collapse or 
death. ( ` AF) Paroxysmal atrial fibrillation (PAF) is an 
important cause of poor performance;>’ however, it can 
be difficult to document because horses often convert to 
sinus rhythm before it is possible to complete a detailed 
electrocardiographic examination.** Therefore, it may be 
difficult to confirm PAF in those horses in which an irregu- 
larly irregular rhythm is auscultated after fading or 
stopping in a race, unless an ECG is obtained at that time. 
However, the presence of frequent supraventricular pre- 
mature depolarizations (SVPD) in a 24-hour period might 
support a tentative diagnosis of PAF in these situations. If 
numerous ventricular premature depolarizations (VPD) 
are observed in a 24-hour period, shortly after an exercise- 
associated dysrhythmia is auscultated, this may suggest 
that the dysrhythmia could have been ventricular in 
origin. ( ` AF) 

Horses have a high prevalence of dysrhythmias at rest 
that are vagally mediated and disappear with exercise. 
They may also have occasional premature depolarizations 
at rest; however, if they are infrequent, isolated and disap- 
pear with exercise they are unlikely to be of consequence 
(see Figs. 10.1 and 10.2). Conversely, horses may have a 
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Figure 11.2 Continuous base-apex ECG of a horse exercising at various speeds on a high-speed treadmill. This shows the 


normal heart rate response to exercise and the appearance of the ECG. The resting ECG shows a bifid P wave and a 
bidirectional T wave. As the heart rate and sympathetic tone increase, the T wave becomes positive and increases in 
amplitude. Also, as the heart rate increases maximally, the P waves become more difficult to distinguish from the preceding 
T wave. However, the R-R interval remains regular, and the configuration of the R waves remain similar. 
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Table 11.1 Prevalence of cardiac arrhythmias as detected using ambulatory recordings around exercise in normal race 
horses (n = 99) and in racehorses presented for assessment of poor performance (n = 88) 


PREVALENCE IN NORMAL RACE 
HORSES (%)? 


Relationship to exercise 


PREVALENCE IN HORSES 
PRESENTED WITH POOR 
PERFORMANCE (%)" 


At least one exercise period 


Physiological bradyarrhythmias 55 


30 NR 


Supraventricular premature 10 (1-37) 


depolarizations 


7 (1-2) 36 (1-9) 


Ventricular premature 12 (1-33) 


depolarizations 


3 (1-2) 


8 (1-19) 43 (1-30) 


Numbers in brackets represent range of abnormal depolarizations seen in different horses. 


NR, not recorded. 


normal sinus rhythm at rest; however, this does not pre- 
clude them from developing dysrhythmias during peak 
exercise. That may impact performance. Cardiac dysrhyth- 
mias may be present before, during and after exercise in 
horses with no underlying cardiac disease and their inter- 
pretation can be difficult. A recent study examined the 
occurrence of dysrhythmias during warm-up, exercise and 
in the immediate post-exercise period in clinically healthy 
horses performing up to expectations’. In this study, iso- 
lated SVPD and VPD prior to exercise were a relatively 
common occurrence in these clinically normal horses. The 
etiology of these premature beats was unknown, although 
may relate to psychological factors. As many as 33 
SVPD and 37 VPD were reported during that time period’. 
(Table 11.1). 

Cardiac dysrhythmias were found to be the most 
common cardiac abnormality diagnosed in horses pre- 
sented for poor performance by one group." This study 
showed that almost 30% of horses presented for poor 
performance had dysrhythmias detected during exercise or 
in the immediate post-exercise period. Although many of 
these were determined to be clinically insignificant because 
they occurred in the immediate post-exercise period, 
about 10% had exercising dysrhythmias deemed signifi- 
cant, and a likely contributing factor to poor performance. 
Dysrhythmias were determined to be clinically significant 
if more than two premature depolarizations occurred 
during peak exercise. These ranged from SVPD or VPD to 
episodes of ventricular tachycardia during peak exercise 
(Fig. 11.3). The study evaluating the occurrence of dys- 
rhythmias in normal horses supported these guidelines, as 
only 3 out of 101 horses had premature depolarizations 
during maximal exercise, and none of them had more 
than two isolated premature depolarizations during 
maximal exercise.’ Ventricular and supraventricular ectopy 
was common in a group of horses that were presented for 


investigation of poor performance (see Table 11.1).” In 
this study", 55 of 88 horses had at least one premature 
beat, either before, during or after the exercise test, with 
22 horses meeting the criteria for clinical significance 
determined by Martin et al®. However only 2 horses had 
clinically significant dysrhythmias during exercise, with 
the majority occurring in the immediate post-exercise 
period. ( ` AF) 

Premature depolarizations occurring during peak exer- 
cise or cardiovascular demand and at maximal heart rates 
can dramatically reduce cardiac output because of a 
decrease in ventricular filling and stroke volume. This can 
result in slowing of the horse during a race, fatigue and 
poor finishing ability. Depending on the severity of the 
dysrhythmia, collapse or even sudden death may result. 
Sudden death may occur if an unstable ventricular arrhyth- 
mia results in ventricular fibrillation." The cause of these 
dysrhythmias is not always determined; however, they 
have been linked to hypoxemia, ischemia, electrolyte dis- 
orders, metabolic disorders or pre-existing cardiac disease 
such as myocarditis. Ventricular ectopy has also been 
observed at exercise in horses with aortic valve disease. 
Although these are generally isolated their occurrence 
during exercise suggests concurrent underlying myocardial 
disease. 

When an exercise-associated dysrhythmia is docu- 
mented, it is very important to perform a complete evalu- 
ation of other body systems in these horses to try to 
determine an etiology, or to document multifactorial 
problems. Dynamic upper airway evaluation with endos- 
copy and analysis of arterial blood gases and electrolyte 
status during exercise should be done to determine an 
etiology or assess the presence of other problems. In addi- 
tion, echocardiography, a 24-hour ambulatory (Holter) 
ECG and evaluation of cardiac troponin I (cTnI) concen- 
trations should be performed to try to pinpoint a primary 
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Figure 11.3 (A) Frequent ventricular premature depolarizations (four) occurring at peak exercise at a heart rate of 220 bpm. 
The ventricular premature depolarizations are occurring earlier than normal and are followed by a compensatory pause, but 
appear similar in orientation to the normally conducted sinus beats and are probably originating from an area in the ventricle 
near the specialized conduction system. Base-apex ECG, 25 mm/second paper speed. (B) Runs of ventricular tachycardia near 
peak exercise in a stallion with a history of poor performance. Notice the paroxysms of ventricular tachycardia with widened 
QRS and T wave complexes and a nearly sine wave pattern to the wide QRS tachycardia. This rapid wide ventricular 
tachycardia with a rate of nearly 300 bpm could potentially degenerate into a fatal ventricular arrhythmia. The underlying 
sinus rate is approximately 180 bpm. Modified base-apex lead, 25 mm/second paper speed. 


cardiac disorder. These horses should not be kept in train- 
ing while dysrhythmias are present, as they are unlikely to 
disappear without adequate rest, and the horse is unlikely 
to perform well while dysrhythmias are present. Because 
ventricular dysrhythmias may deteriorate during exercise, 
horses with isolated ventricular premature depolarizations 
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at maximal exercise, not induced by respiratory tract dis- 
orders, are generally considered unsafe to ride. Although 
these may resolve with rest, if persistent then retirement 
from ridden exercise may be recommended. Most epi- 
sodes of ventricular and supraventricular ectopy are not 
life threatening and have minimal impact on perform- 
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Figure 11.4 Second-degree AV block following high-intensity exercise at a heart rate of 


20 bpm. Notice the two periods o 


second-degree AV block with a P wave, not followed by a QRS complex. All QRS complexes present are preceded by a P wave 
at a normal P-R interval. The P-P interval is fairly regular, as is the R-R interval, except for the periods of second-degree AV 


block. Modified base-apex lead, 25 mm/second paper speed. 


ance. However, the goal of interpretation of these findings 
is to identify those animals at risk of developing more 
significant dysrhythmias that may lead to collapse or even 
sudden cardiac death.’ ( ` AR) 


Dysrhythmias after exercise 


Normal horses frequently develop dysrhythmias in the 
postexercise period.’ Many of these dysrhythmias are con- 
sidered to be normal, and most likely to be caused by 
rapidly changing autonomic nervous system control." 
At this time, sympathetic input is decreasing rapidly, and 
vagal tone is becoming more prominent. This can lead to 
dysrhythmias such as second-degree atrioventricular block 
and sinus arrhythmias, pauses or block at relatively high 
heart rates (Fig. 11.4). These will typically disappear as the 
heart rate slows further. ( ` SFP) SVPD and VPD may also 
occur immediately following exercise (see Table 11.1, 
Fig. 11.5). These are not likely to cause a problem, and are 
considered normal, if they are fairly infrequent and iso- 
lated.” Up to 20 isolated SVPD or VPD were observed in 
the first 2 minutes after pulling up from strenous exercise 
in one group of apparently healthy young Thorough- 
breds.? Conversely, very frequent or multiform VPD or 
runs of ventricular tachycardia immediately after exercise 
are not considered to be normal (Fig. 11.6); nevertheless, 
their significance can be very difficult to determine if they 
do not occur during peak exercise. However, they could 
lead to prolonged recovery after work, weakness or ataxia. 
It is also possible that the exercise test did not adequately 
mimic racing conditions, and that these dysrhythmias 
may be more severe under natural circumstances. Thus, as 
in horses with dysrhythmias during peak exercise, horses 
with numerous premature depolarizations following exer- 
cise should also be subject to detailed cardiological inves- 
tigations including echocardiography, cTnI concentrations 
and a 24-hour ambulatory (Holter) ECG to try to docu- 
ment or eliminate a cardiac problem. Complete evalua- 
tions of other body systems such as upper airway 
endoscopy and arterial blood gases during exercise is also 
warranted to assess the potential contribution of noncar- 
diac disease. 


ECHOCARDIOGRAPHY 


The value of echocardiography to assess cardiac chamber 
size and valvular and myocardial function at rest is undis- 
puted.'*'® Horses with significant abnormalities at rest 
generally do not make successful athletes. While dysrhyth- 
mias are probably the most common cardiac cause of poor 
performance, myocarditis, congenital abnormalities and 
some valvular diseases can affect performance. Horses 
may not have obvious structural or functional deficits at 
rest, but still have exercise-induced abnormalities. As with 
upper airway function, gas exchange and heart rhythm, 
normal cardiac structure and function at rest may not 
exclude abnormalities induced by strenuous exercise, 
under maximal demands. Horses that appear normal at 
rest may have exercise-induced wall motion abnormalities 
that are seen only after high-intensity exercise, and a 
standardized, rigorous treadmill test including post- 
exercise echocardiography is needed for their recognition. 


Exercise stress echocardiography 
(SE) 


Cardiac stress testing has been employed in people for 
many years to help recognize abnormalities that are not 
seen at rest, but that are induced by increased cardio- 
vascular demands.'’ In human beings, exercise stress 
echocardiography utilizing treadmills or stationary bicy- 
cles is most common. It is primarily used to diagnose 
coronary artery disease and ischaemic events; however, it 
has also been used to determine exercise capabilities and 
assess valvular and left ventricular function during exercise 
in patients with various other cardiac diseases, such as 
valvular diseases and cardiomyopathy.: Left ventricular 
inward wall motion and endocardial thickening in stand- 
ardized views are evaluated at rest, and then compared 
with the same views obtained during the exercise or imme- 
diate post-exercise examination. The computer program 
digitizes these images and displays them adjacent to one 
another, in a continuous loop format, at matching heart 
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Figure 11.5 (A) Occasional ventricular premature depolarizations in the immediate post-exercise period at a heart rate of 

160 bpm. Notice the three premature depolarizations that appear somewhat widened and bizarre when compared to the 
normal sinus beats and which are followed by a compensatory pause. The underlying sinus rhythm is otherwise regular. 
Modified base-apex lead, 25 mm/second paper speed. (B) One single ventricular premature depolarization in the post-exercise 
period at a heart rate of 80 bpm (arrow). Notice the slightly premature depolarization that is opposite in direction to the normal 
sinus beats, and that is followed by a slight, compensatory pause. Modified base-apex lead, 25 mm/second paper speed. 


rates. Segments are graded for inward wall motion and 
thickening. If this is decreased post-exercise, the specific 
segments are described as hypokinetic, akinetic or dyski- 
netic, and given a score. Stress echocardiography has been 
found to have high sensitivity and specificity for the diag- 
nosis of coronary artery disease. 

Postexercise stress echocardiography has been adapted 
from human medicine for use in horses performing a 
standardized exercise test on a high-speed treadmill, to 
recognize exercise-induced myocardial dysfunction.” For 
stress echocardiography in horses, four standardized views 
of the left ventricle are obtained, maximizing visualization 
of the ventricular myocardium. These are obtained pre- 
and immediately post-exercise, and displayed side-by-side 
at matching heart rates, as in human medicine, for com- 
parison of wall motion and thickening. Because echocar- 
diography cannot currently be performed during exercise 
in horses, examinations are limited to the immediate post- 
exercise time. Myocardial contractility should increase 
with exercise (or increased sympathetic stimulation), 
causing an increase in fractional shortening, and an 
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increase in free wall and interventricular septal thickness 
during systole. This increased contractility will persist into 
the immediate post-exercise period, while the heart rate is 
still very elevated." Studies in horses exercising at speeds 
eliciting maximal oxygen consumption on a high-speed 
treadmill have shown that invasive estimates of contractil- 
ity calculated within the first 30 seconds are representative 
of exercising values, but by 2 minutes have decreased sig- 
nificantly compared with exercising values.**”? Therefore, 
it is critical to perform the echocardiogram as soon after 
treadmill exercise as possible, preferably within 1 minute. 
As the heart rate decreases below 100 bpm, fractional 
shortening and wall motion indices will decrease, and 
return to baseline values. If thickening of the ventricular 
free wall or septum during systole is decreased immedi- 
ately post-exercise compared with pre-exercise, while the 
heart rate remains greater than 100 bpm, it is highly sug- 
gestive of exercise-induced myocardial dysfunction. Some 
of these horses may have exercising ventricular premature 
depolarizations, but more commonly no other cardiac 
abnormalities are seen. A complete workup, including 
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Figure 11.6 Frequent ventricular premature depolarizations 


in the immediate post-exercise period in a horse with a sinus 
achycardia and a rate of 160 bpm. Notice the ventricular premature depolarizations that appear widened and bizarre and are 


occurring earlier than normal and are followed by a compensatory pause. Modified base-apex lead, 25 mm/second paper speed. 


exercising upper respiratory tract endoscopy, exercising 
arterial blood gas determinations and measurement of 
cTnI should be performed, to try to separate a primary 
cardiac problem from a secondary one. The aetiology of 
exercise-induced ventricular dysfunction is unknown, but 
possible causes may be related to hypoxaemia, ischaemia 
or primary myocardial disease. 


Pharmacological stress 
echocardiography 


Other forms of cardiac stress testing have been used in 
people who are physically incapable of exercising 
adequately. Pharmaceutical agents such as dobutamine, 
dobutamine and a parasympatholytic agent, or adenosine 
have been employed to mimic exercise.” Studies have 
shown that the results using these drugs are similar in 
sensitivity and specificity to exercise in diagnosing coro- 
nary artery disease. Recently, pharmacological stress 
echocardiography has been evaluated in horses.*”*” High- 
dose dobutamine alone is not recommended as a pharma- 
cological stressor, due to safety problems in healthy 
horses; however, the combination of a parasympatholytic 
agent with a lower dose of dobutamine has also been 
evaluated, and deserves further study. Advantages to phar- 
macological stress testing are a potentially prolonged time 
to perform more detailed echocardiographic examina- 
tions, and somewhat easier working conditions than pos- 


sible during immediate post-exercise echocardiography. In 
addition, not all hospitals have access to a high-speed 
treadmill, and some horses cannot or will not perform an 
adequate exercise test, due to musculoskeletal problems 
or lack of mental aptitude, making this a possible substi- 
tute. Disadvantages would include the inability to monitor 
and test other body systems, such as the musculoskeletal 
and respiratory systems. These are more commonly the 
cause of poor performance, and so abnormalities in these 
systems should always be ruled out. Many performance 
problems are multifactorial, so that even if a cardiac cause 
is confirmed, it is important to investigate other body 
systems. In addition, rhythm disturbances are the most 
commonly recognized cardiac cause of poor performance. 
The pharmacological agents used for these protocols have 
the potential to cause dysrhythmias. Therefore, if dys- 
rhythmias are observed during a pharmacological stress 
test, they could be drug-related, rather than exercise- 
induced. Their presence would need to be confirmed with 
an exercise test. Conversely, it is not known if these agents 
would mimic the effects of exercise in those horses that 
develop exercise-induced dysrhythmias. 

Evaluation of pharmacological stress testing is still in 
the early stages in horses. At this time, it is not clear if 
pharmacological stress testing mimics exercise closely 
enough to be useful, or if it is capable of unmasking 
exercise-induced problems, as it does in people. Its use has 
only been reported in healthy horses, so its effects in 
horses with cardiac disease are unknown. However, if it is 
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found to induce changes similar to exercise, it would 
potentially allow longer and more detailed studies of 
myocardial and valvular dysfunction under conditions 
mimicking exercise, or effects of higher heart rates on 
shunts such as ventricular septal defect. 


CARDIAC OUTPUT AND DIRECT 
PRESSURE MEASUREMENTS 


Future additions to exercise stress testing to monitor 
cardiac function include slightly more invasive approaches. 
Measurement of cardiac output, which is perhaps the best 
indicator of global cardiac function, is currently only per- 
formed in research settings. The main reason for this is the 
invasive nature of instrumentation for determination of 
cardiac output using the Fick method of calculating cardiac 
output. However, adaptation of lithium dilution cardiac 
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INTRODUCTION 


Biochemical markers of cardiovascular disease are impor- 
tant tools in assessing human heart disease. Assays based 
on natriuretic peptides and biochemical mediators of acti- 
vation of the sympathetic nervous and renin-angiotensin-— 
aldosterone system can be used for diagnosis, prognosis 
and treatment monitoring in a range of heart diseases. 
Measurement of cardiac troponins is the gold-standard for 
identification of myocardial disease in human beings. 
While it is extremely tempting to reach for an “off-the- 
shelf” assay kits developed for use in human beings and 
apply these to equine patients, this is often not appropri- 
ate for a number of reasons. Firstly, immunoassays devel- 
oped in one species do not necessarily cross-react with the 
equivalent molecule in another species and it is important 
that any biochemical assay is either developed specifically 
for equine use, or if developed for another species, it 
should have been validated for horses before it is applied 
in clinical practice. Secondly, the prevalence of the target 
disorder within the species of interest must be considered. 
Diagnostic tests are often described in terms of their sen- 
sitivity (the proportion of true positives) and specificity 
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(the proportion of true negatives). These can be regarded 
as inherent characteristics of the test; however, from a 
clinical perspective, it is much more relevant to know a 
test's predictive value or how likely it is that the test will 
give a correct diagnosis of whether the tested animal is 
diseased or disease free.' The predictive value is not only 
influenced by the accuracy of the test but also by the 
prevalence of disease within a given population and pre- 
dictive values decrease as prevalence decreases. This issue 
is particularly relevant to biomarkers of cardiovascular 
disease in horses because disease states that are common 
in human beings such as heart failure and myocardial 
necrosis are extremely uncommon in horses. Conse- 
quently, biomarkers that are extremely important in 
human beings are not necessarily so useful in horses. A 
test may be extremely sensitive and specific in detecting a 
specific form of cardiovascular pathology, but this is not 
very helpful when the problem faced by the equine clini- 
cian is in finding the horse that actually has the pathology 
in question. Finally, in-depth knowledge of the neuroen- 
docrine changes that accompany heart disease in horses is 
lacking compared to the wealth of data available in human 
beings. Nevertheless, research on equine cardiovascular 
biomarkers is underway and this is an interesting and 
exciting area of development in equine cardiology. 


CATECHOLAMINES 


Activation of the sympathetic (adrenergic) nervous system 
is a hallmark of heart failure? (see Chapters 2 and 5). The 
Bı- and B,-adrenoreceptors are important regulators of 
cardiac function and their characteristics change in human 
and canine cardiac disease. Atypical B-adrenoreceptors (Bs 
and ß4) are also found in the cardiovascular system of 
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some species. Myocardial tissues from failing human 
ventricles demonstrate a reduction in B-adrenoreceptor 
density and contractile response to B-adrenergic agonists. 
These changes are mediated by increased concentrations 
of noradrenaline (norepinephrine) in the vicinity of the 
receptors.” There is wide variation in the distribution of 
cardiac B-adrenoreceptor types among species: in the 
equine heart the predominant adrenoreceptor is the B, 
subtype and there is also evidence for atypical adrenore- 
ceptors within the heart although these have not been 
fully characterized.’ In contrast to human beings, in 
horses, the density of B-adrenoreceptors did not change in 
heart failure but, in some cases, heart failure increases the 
expression of B,-adrenoreceptors.* 

One method of documenting the increase of sympa- 
thetic outflow is by measurement of plasma catecho- 
lamine concentrations and these have been used as 
prognostic indicators in human congestive cardiac 
failure.“ Plasma concentrations of noradrenaline are 
increased in human heart failure and the clinical outcome 
is related to plasma noradrenaline concentrations.’ In con- 
trast, plasma concentrations of noradrenaline did not 
differ among healthy horses and those with aortic insuf- 
ficiency with and without clinical signs of cardiovascular 
compromise at rest whereas adrenaline (epinephrine) 
concentrations were significantly different among healthy 
horses and those with aortic regurgitation (Fig. 12.1).° 
Although this finding is of interest as it provides evidence 
on the pathophysiology of equine heart disease, measure- 
ment of plasma catecholamines is limited in its usefulness 
in the clinical setting because there are circadian variations 
in plasma concentrations and samples must be kept on ice 
and processed very quickly. Furthermore, the sensitivity 
and specificity of plasma catecholamines in distinguishing 
horses with mild and severe and nonprogressive and pro- 
gressive aortic regurgitation are low.° 


RENIN-ANGIOTENSIN-ALDOSTERONE 
SYSTEM 


The renin—-angiotensin-aldosterone system (RAAS) is acti- 
vated in low cardiac output states and serves to maintain 
arterial blood pressure by retaining sodium and water (see 
Chapters 2 and 5). Angiotensin II is a potent peripheral 
vasoconstrictor and together with increased adrenergic 
activity contributes to excessively increased systemic 
vascular resistance in heart failure. Angiotensin II also 
enhances release of noradrenaline. Sodium retention, 
mediated by aldosterone, contributes to oedema forma- 
tion. Tissue angiotensin and aldosterone also have a key 
role in cardiovascular remodelling and fibrosis and this 
leads to reduced vascular compliance and ventricular 
diastolic dysfunction.’ Plasma renin activity and plasma 
aldosterone concentration increase and correlate with 
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Figure 12.1 Plasma concentrations of adrenaline in healthy 
horses and those with aortic regurgitation (AR; n = 40) that 
had no clinical signs at rest (mild AR; n = 59) and those that 
did (severe AR; n = 9). Plasma adrenaline concentrations are 
significantly lower in healthy horses compared to those with 
mild (p < 0.01) and severe (p < 0.05) AR. The box extends 
from the 25*-75th percentile with a line at the median; the 
whiskers show the range in the data. Reproduced with 
permission from Horn JNR (2002, Sympathetic nervous 
control of cardiac function and its role in equine heart 
disease, PhD thesis, University of London.) 


severity in canine dilated cardiomyopathy.’ There is also 
early activation of the RAAS in some dogs with mitral 
valvular insufficiency? whereas other studies have shown 
that plasma aldosterone and angiotensin II decrease as 
cardiac decompensation ensues.’ Studies in horses with 
valvular insufficiency have shown that plasma aldosterone 
concentrations rise as the severity of valvular disease 
increases with significant differences detected between 
healthy horses and those with left ventricular and atrial 
dilation.” In contrast, another equine study showed no 
activation of the RAAS in horses with aortic insufficiency 
(n = 25) compared to healthy horses (I. M. Bowen, C. M. 
Marr, J. Elliott, unpublished data). 


NATRIURETIC PEPTIDES 


There are three natriuretic peptides: atrial natriuretic 
peptide (ANP), brain natriuretic peptide (BNP) and C-type 
natriuretic peptide (CNP). ANP is stored mainly in the 
right atrium and is released in response to increased atrial 
pressure (see Chapter 2). ANP causes vasodilation and 
sodium excretion and thus counteracts the effects of the 
adrenergic system, RAAS and arginine vasopressin. BNP is 
stored mainly in the ventricles and is released in response 
to increased ventricular pressure. BNP has similar effects 
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to ANP. CNP is located in the vasculature and its phy- 
siological role remains to be clearly defined.? Plasma 
concentrations of ANP, BNP and their pro-hormones are 
increased in human heart failure. Because plasma BNP 
release is less affected by atrial filling pressures, it provides 
a better indication of myocardial disease than ANP and is 
regarded as a quantitative marker for heart failure.” BNP 
is a cost-effective screening tool for left ventricular systolic 
dysfunction’ and plasma BNP concentrations independ- 
ently predicted nonsurvival in a large prospective study on 
left ventricular dysfunction conducted over 4 years in 
people who were asymptomatic upon entry to the study." 
BNP is also increased in dogs with congestive heart 
failure,'* mitral valve disease,” aortic stenosis'® and sub- 
clinical dilated cardiomyopathy." As is the case in human 
heart disease, BNP has better predictive value than ANP in 
dogs” although ANP has thus far received most attention 
in veterinary medicine and it has been shown in a large 
number of studies to increase in canine heart disease.” 141819 

In horses, plasma ANP concentration rises during 
exercise’ and is higher in old exercising horses 
compared to young horses.” Plasma ANP concentrations 
are increased with hypovolaemia and fall in response to 
fluid resuscitation in both foals and mature horses.” To 
date, there is only one study on the effects of equine heart 
disease on plasma ANP in which it was not possible to 
demonstrate any difference between healthy horses and 
those with heart disease*® and further work in this area of 
equine cardiology is needed. ANP is well conserved across 
species and thus assays developed for use in other species 
can be used in the horse.” Unfortunately, BNP, the more 
useful test in human patients, is not well conserved across 
species and commercial assays developed for human use 
do not identify equine BNP.” 


CARDIAC TROPONIN, CREATINE 
KINASE AND LACTATE 
DEHYDROGENASE 

( AF, PC, VT) 


In the past the cardiac isoenzymes of creatine kinase 
(CK-MB) and lactate dehydrogenase (HBDH, isoenzymes 
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INTRODUCTION 


Cardiac dysrhythmias occur frequently in horses and can 
be associated with a wide range of cardiac and noncardiac 
diseases. They can be associated with valvular disease,’ 
congenital defects, pericardial disease and primary myo- 
cardial pathology,’ for example, myocarditis,’ myocardial 
fibrosis,’ myocardial ischaemia,’ cardiomyopathy,‘ iono- 
phore toxicosis, ° myocardial trauma or myocardial 
neoplasia.” However, more commonly, horses develop 
dysrhythmias in association with hypoxia, metabolic 
acidosis and electrolyte disturbances,™!? alterations in 
local or circulating catecholamine concentrations and 
autonomic tone,” septicaemia,’ endotoxaemia,’*'® or 
various drugs including some that are used to treat 
dysrhythmias such as quinidine and digoxin,'”'* and the 
reader is referred to Chapter 6 for a detailed description 
of arrhythmogenesis. 

An important diagnostic goal in horses with dysrhyth- 
mias is to identify any contributing cardiac or noncardiac 
disease. Initial therapy should also be aimed at the under- 
lying causes and cardiac dysrhythmias relatively rarely 
require specific antidysrhythmic therapy. 


© 2010 Elsevier Ltd. 
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IDENTIFICATION AND ASSESSMENT 
OF DYSRHYTHMIAS 


To determine if a cardiac dysrhythmia is present, the 
horse’s heart rate should be obtained (normal, slow or 
fast) and the rhythm characterized (regular, regularly irre- 
gular or irregularly irregular). The normal adult horse has 
a heart rate of 28-44 bpm at rest with a regular (sinus) 
rhythm. The normal heart rate in foals is as high as 80 bpm 
(average in the equine neonate is 70 bpm). The heart 
sounds should be identified and their timing and intensity 
described. It is particularly pertinent to attempt to distin- 
guish all four heart sounds in horses with dysrhythmias 
as their presence or absence may alert the clinician to the 
specific dysrhythmias described below. The arterial pulses 
should be palpated simultaneously with auscultation of 
the heart to determine if the arterial pulses are synchro- 
nous with every heart beat. The arterial pulse quality 
should be assessed in the facial or transverse facial artery 
and in the extremities for variation in the intensity of the 
pulses or pulse deficits. The jugular vein, saphenous vein 
and other peripheral veins should be evaluated for disten- 
tion and pulsations. Auscultation of both lung fields 
should be performed at rest and, if possible, with the horse 
breathing into a rebreathing bag. 

An ECG must be performed to definitively diagnose any 
dysrhythmia (see Chapter 6). The normal components of 
the surface ECG are: 


e P wave: generated by atrial depolarization 

e PR segment: representing the duration of 
atrioventricular (AV) conduction 

© QRS complex: produced by ventricular depolarization 
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e ST segment: representing the duration of the 
ventricular refractory period 
© T wave: produced by ventricular repolarization 


Thus, the surface ECG provides a “road map” of electrical 
events within the heart and allows the origin of any abnor- 
malities to be identified. A variety of options for lead 
placement are available (Table 13.1). However, a base- 
apex lead is often the only lead needed to accurately diag- 
nose the rhythm disturbance present, because this lead 
produces large, easy to read complexes and is usually well 
tolerated by the horse (see Chapter 6). It is conventional 
to display the base-apex lead with negative QRS com- 
plexes; however, some clinicians, particularly in the UK, 
prefer to invert the leads to produce positive QRS com- 
plexes. Either is appropriate and the choice is dictated by 
personal preference. The base-apex lead is the most con- 


venient monitoring lead for critically ill patients, for 
example, during antidysrhythmic therapy or while per- 
forming a pericardiocentesis or other invasive procedure. 
Occasionally it may be difficult to determine if a rhythm 
disturbance is of ventricular or supraventricular origin 
from just one ECG lead, particularly with supraventricular 
dysrhythmias. In these horses at least two different leads 
are needed to determine the origin of the abnormal depo- 
larization (see Table 13.1). 

Echocardiography is used to identify valvular disease, 
pericarditis congenital defects and myocardial pathology 
although a normal echocardiogram does rule out the 
presence of myocardial disease (see Chapter 9). Assays of 
serum cardiac troponin I and other biomarkers (see 
Chapter 12) may also provide evidence of myocardial 
disease while haematology, blood biochemistry, serum 
electrolyte and blood gas analysis, and other laboratory 


Table 13.1 Electrode placement for complete 12-lead electrocardiogram 


Lead 1: LA-RA 


back of the right forearm 
Lead Il: LL-LA 


the left forearm 


foreleg (left arm) electrode placed just below the point of the elbow on the back of the left 
orearm — right foreleg (right arm) electrode placed just below the point of the elbow on the 


indleg (left leg) electrode placed on the loose skin at the left stifle in the region of the 
ella — left foreleg (left arm) electrode placed just below the point of the elbow on the back 


Lead Ill: LL-RA 


back of the right forearm 


indleg (left leg) electrode placed on the loose skin at the left stifle in the region of the 
ella — right foreleg (right arm) electrode placed just below the point of the elbow on the 


aVr: RA-CT ht foreleg (right arm) electrode placed just below the point of the elbow on the back of the 


ight forearm — the electrical centre of the heart or central terminal x 3/2 


aVl: LA-CT 


foreleg (left arm) electrode placed just below the point of the elbow on the back of the left 
orearm — the electrical centre of the heart or central terminal x 3/2 


aVf: LL-CT Le 


hindleg (left leg) electrode placed on the loose skin at the left stifle in the region of the 
patella — the electrical centre of the heart or central terminal x 3/2 


CV6LL: VI-CT VI electrode placed in the 6th intercostal space on the left side of the thorax along a line parallel 
o the level of the point of the elbow — the electrical centre of the heart (central terminal) 


CV6LU: V2-CT V2 electrode placed in the 6th intercostal space on the left side of the thorax along a line parallel 


the level of the point of the shoulder — the electrical centre of the heart (central terminal) 


V10: V3-CT 


V3 electrode placed over the dorsal thoracic spine of T7 at the withers — electrical centre of the 


heart. The dorsal spine of T7 is located on a line encircling the chest in the 6th intercostal space 


(central terminal) 


CVORL: V4-CT 


V4 electrode placed in the 6th intercostal space on the right side of the thorax along a line parallel 


to the level of the point of the elbow — the electrical centre of the heart (central terminal) 


CVORL: V5-CT 


V5 electrode placed in the 6th intercostal space on the right side of the thorax along a line parallel 


to the level of the point of the shoulder — the electrical centre of the heart (central terminal) 


Base-apex: LA-RA 


Left foreleg (left arm) electrode placed in the 6th intercostal space on the left side of the thorax 


along a line parallel to the level of the point of the elbow — right foreleg (right arm) electrode 
placed on the top of the right scapular spine 
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assessments such as blood culture, virus isolation and 
serology are also helpful in identifying possible contribut- 
ing factors in horses presenting with dysrhythmias. 


CLASSIFICATION OF DYSRHYTHMIAS 


There are several different classifications of rhythm dis- 
turbances. From a clinical perspective, it is useful to 
categorize cardiac dysrhythmias by their site of origin 
(supraventricular or ventricular) and by their rate (brady- 
dysrhythmias or tachydysrhythmias)'’~*' as these factors 
determine their clinical significance and most appropriate 
management. In horses, most bradydysrhythmias are 
physiological and associated with high vagal (parasympa- 
thetic) tone while most tachydysrhythmias are abnormal. 
Profound bradydysrhythmias and rapid tachydysrhyth- 
mias, particularly those of ventricular origin, are the 
rhythm disturbances most likely to need immediate treat- 
ment to control the ventricular rate and relieve the clinical 
signs of cardiovascular collapse. 


Bradydysrhythmias 


Bradydysrhythmias are commonly detected in healthy 
horses and are associated with high parasympathetic tone. 
Second-degree atrioventricular (AV) block is the most 
common bradydysrhythmia detected in resting horses. 
Sinus arrhythmia, sinus bradycardia, sinoatrial (SA) block 
and SA arrest also occur in normal horses with high vagal 
tone.” These normal dysrhythmias are present at rest 
and should disappear with a decrease in parasympathetic 
tone and/or an increase in sympathetic tone such as occurs 
with excitement or exercise. 


Second-degree AV block 
( AF, AR, RSD, SFP) 


Second-degree AV block is the most common vagally 
mediated dysrhythmia detected in normal horses. In this 
dysrhythmia, conduction is blocked intermittently at the 
level of the AV node whereas first-degree AV block is 
defined as delayed conduction at the AV node that is not 
blocked. Second-degree AV block is detected in over 40% 
of healthy horses during 24-hour continuous electro- 
cardiographic monitoring. Horses with second-degree AV 
block have a slow to normal heart rate (usually 20- 
40 bpm). The first (S1) and second (S2) heart sounds are 
regularly spaced and a fourth (S4) heart sound precedes 
each S1 and is present in the diastolic pause during the 
period of second-degree AV block. In most normal horses 
only one period of second-degree AV block occurs before 
the next conducted impulse but occasionally two blocks 
occur in sequence which should still be regarded as a 


normal physiological variant, providing that the dysrhyth- 
mia disappears with exercise or excitement. 

The ECG reveals a slow to normal heart rate with a 
regular R-R interval and a normal QRS complex. Each 
QRS complex is preceded by a P wave with a normal to 
near normal PR interval but there are occasional P waves 
not followed by a QRS complex. The P-P interval is 
regular or may vary slightly. The frequency of blocked 
beats is usually, but not always, fairly regular and can 
range upwards from one in every three beats in healthy 
horses. In the majority of normal horses there is only one 
blocked P wave before P waves that are followed by a 
conducted QRS complex but occasionally there are two. 
This normal dysrhythmia should be replaced by sinus 
tachycardia with excitement, exercise or the administra- 
tion of a vagolytic drug. 


Advanced second-degree AV block 


Advanced second-degree AV block, rare in horses, is a 
pathological form of conduction block at the AV node and 
can be caused by electrolyte imbalances, digitalis toxicity 
and AV nodal disease (inflammatory or degenerative).””° 
Horses with advanced second-degree AV block usually 
have severe exercise intolerance and may collapse. A com- 
plete cardiovascular examination, biochemistry screen 
and complete blood count should be performed on all 
horses presenting with advanced second-degree AV block 
to attempt to determine the underlying cause of the dys- 
rhythmia. Affected horses have a slow heart rate (usually 
8-24 bpm). On auscultation S1 and S2 is regularly spaced 
with an audible S4 preceding each S1. S4 is heard in the 
diastolic pauses with one, or more, S4 for each period of 
second-degree AV block. 

The ECG reveals a slow heart rate with a regular R-R 
interval between episodes of AV block and normally con- 
figured QRS complexes. The QRS complexes are each pre- 
ceded by a P wave at a normal to near normal P-R interval, 
evidence of AV conduction. The P-R interval may be 
slightly prolonged as first-degree AV block may also be 
present. The P-P interval is regular and the atrial rate is 
rapid with numerous (two or more) P waves not followed 
by QRS complexes (Fig. 13.1). Appropriate treatment 
should be instituted as soon as possible, based upon the 
probable aetiology of the dysrhythmia to hopefully prevent 
the progression of the conduction block to complete AV 
block (see treatment of complete heart block below). 


Complete (third-degree) AV block 


Complete heart block is rare in horses and is usually 
associated with inflammatory or degenerative changes in 
the AV node,” although it may occur with electrolyte 
imbalances or other metabolic abnormalities such as is 
seen with foals with uroperitoneum, particularly when 
anaesthetized.***> Complete heart block has also been 
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Figure 13.1 Lead Il ECG obtained from a horse. Advanced second-degree AV block. Blocked P waves (arrows) occur 
frequently, singly and in runs. Recorded at paper speed of 25 mm/second, sensitivity of 5 mm = 1 mV. 


Figure 13.2 Base-apex ECG obtained from a horse with complete heart block. Notice the large wide QRS complexes that are 
not associated with the preceding P waves. There is complete AV dissociation with a rapid regular atrial rate of 70/minute and 
a slow regular ventricular rate of 20 bpm. The P-P interval is regular and the R-R interval is regular. Recorded at paper speed 


of 25 mm, sensitivity of 10 mm = 1 mV. 


observed as a congenital defect and associated with 
mediastinal lymphoma” and rattlesnake envenomation.”® 
Horses with third-degree AV block will typically have 
severe exercise intolerance and frequent syncope. The 
resting heart rate (ventricular rate) is very slow (usually 
<20 bpm) but regular with a more rapid, independent 
atrial rate. The heart rate does not increase appropriately 
with a decrease in vagal tone or an increase in sympathetic 
tone. The S1 and S2 are usually loud and regularly spaced 
with more rapid independent S4 (usually <60/minute), 
which are also regularly spaced. Occasional “bruit de 
cannon” sounds, caused by the summation of S4 with 
another heart sound (S1, S2 or S3) are detected. An irregu- 
lar rhythm may be detected in some horses with concur- 
rent paroxysms of ventricular tachycardia. 

The ECG usually reveals regular P waves that are not 
followed by QRS complexes (i.e. there is no evidence of 
AV conduction) and QRS complexes that are widened and 
bizarre in their appearance because they are originating 
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from an idionodal or idioventricular pacemaker (Fig. 
13.2). If the QRS complexes are regularly spaced, they 
should all look alike because they are originating from the 
same idionodal or idioventricular pacemaker. These are 
known as escape complexes because they represent the 
ventricles’ attempt to escape in the absence of AV conduc- 
tion. If there is other ventricular ectopy present, there will 
be more than one QRS configuration and the R-R interval 
may vary (Fig. 13.3). The P-R intervals will be of varying 
lengths with no consistent relationship between the P 
waves and the QRS complexes (see Figs. 13.2, 13.3). The 
atrial rate is usually very rapid with a regular P-P interval 
and there are many more P waves than QRS complexes. 
Treatment of complete heart block in horses should be 
initiated as soon as the diagnosis is made. If the underly- 
ing cause of the complete heart block cannot be corrected 
or removed, the definitive treatment for third-degree AV 
block is a pacemaker (see Chapter 14). Corticosteroids, for 
example, dexamethasone at 0.05-0.2 mg/kg IV, are usually 
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Figure 13.3 Lead II ECG obtained from a horse with complete heart block. Notice the large wide QRS complexes of differing 


configurations that are not associated with the preceding P w 
atrial rate of 70/minute and a slow irregular ventricular rate o 


= 


aves. There is complete AV dissociation with a rapid regular 
30 bpm. The P-P interval is regular and the R-R interval is 


irregular. Recorded at paper speed of 25 mm/second, sensitivi 


indicated because the most common treatable cause of 
complete heart block is inflammatory disease in the region 
of the AV node. If an active viraemia is suspected, corti- 
costeroids should be used with care. The small risk of the 
horse developing laminitis associated with prolonged 
administration of high doses of corticosteroids must also 
be weighed against the risk of the horse remaining in 
third-degree AV block, requiring the implantation of a 
cardiac pacemaker for long-term survival.”*’° As emer- 
gency measures, vagolytic drugs, atropine or glycopyrro- 
late, can be administered (see Table 7.1). If ventricular 
ectopy is present, sympathomimetic drugs should be used 
with care, or not at all, because these drugs may exacerbate 
ventricular dysrhythmias. If no concurrent ventricular 
ectopy is present sympathomimetic drugs may be effec- 
tive. Dopamine has f,-adrenergic effects at moderate 
doses (3-5 Ug/kg/minute) and has been effective in treat- 
ing advanced AV block.™?’ Alternatively, isoproterenol 
can be administered as continuous rate infusion (CRI; see 
Table 7.1). However, rapid tachydysrhythmias can occur 
with the administration of sympathomimetic drugs. If 
pharmacological intervention is not successful in restoring 
sinus rhythm, a temporary transvenous pacemaker may be 
necessary until a permanent transvenous pacemaker can 
be inserted”? (see Chapter 14). 


Sinus bradycardia, sinus arrhythmia, 
SA block and SA arrest 


( SBR) 


Sinus bradycardia, sinus arrhythmia, SA block and SA 
arrest occur in normal fit horses associated with high vagal 
tone but are less common than second-degree AV block 
(Fig. 13.4).” These dysrhythmias can occur in combina- 
tions: sinus arrhythmia is usually also present in horses 
with sinus bradycardia, SA block can occur in conjunction 
with second-degree AV block” and on resting ambulatory 
ECG, many normal horses will display a variety of physio- 
logical bradydysrhythmias throughout a 24-hour period. 
Auscultation reveals regular S1 and S2 with a pause in the 
rhythm (SA block or arrest) or rhythmic variation of 
diastolic intervals (sinus bradycardia and sinus arrhyth- 


y of 10 mm = 1 mV. 


mia) with heart rates of 20-30 bpm. An S4 precedes each 
S1 and there are no isolated S4 in the diastolic pauses 
representing the period of SA block. 

The atrial and ventricular rates are slow or low normal 
and normal QRS complexes are detected associated with 
the preceding P waves, evidence of AV conduction. The 
P-P and R-R intervals are rhythmically irregular with 
sinus arrhythmia. SA blocks are characterized by pauses of 
less than or equal to two P-P intervals, whereas sinus 
arrest is present if SA activity ceases for longer than two 
P-P intervals. These rhythms are normal manifestations 
of high vagal tone and disappear with exercise or the 
administration of a vagolytic drug, for example, atropine 
or glycopyrrolate (see Table 7.1). 


Sick sinus syndrome 


Prolonged periods of SA arrest, profound sinus bradycar- 
dia or high-grade SA block may be indicative of sinus 
node disease, termed sick sinus syndrome.” Ventricular 
escape rhythms may occur during prolonged pauses. 
Sinus node disease is rare in horses but inflammatory and 
degenerative changes must be considered possible aetiol- 
ogies. Affected horses may have a history of collapse or 
weakness. These horses should be carefully evaluated with 
exercising electrocardiography and the response of the 
horse to vagolytic and sympathomimetic drugs deter- 
mined. It may be possible to increase the heart rate and 
abolish the dysrhythmia during exercise tests, although 
the maximal heart rate may be reduced and the dysrhyth- 
mia may recur shortly after cessation of exercise.” 
Corticosteroids should be initiated for horses with life- 
threatening abnormalities of sinus rhythm, in the hope 
that pacemaker implantation will not be necessary. 
Definitive treatment of sick sinus syndrome is pacemaker 
implantation™ (see Chapter 14). 


Tachydysrhythmias 


Tachydysrhythmias can be defined as either supraven- 
tricular or ventricular. Various forms exist including 
premature depolarizations, tachycardia, fibrillation and 
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Figure 13.4 Modified base-apex ambulatory ECG recorded at rest in a healthy and fit 5-year-old Thoroughbred racehorse. 
There is a sinus pause of over 10 seconds. Each strip displays 13 seconds and the two strips are continuous. 


Figure 13.5 An ECG recorded on lead Y from a pony in which a dysrhythmia was auscu 


ated during a routine examination. 


Supraventricular premature depolarizations (arrow) are represented by bizarre P waves followed by normal QRS-T complexes. 
Recorded at paper speed of 25 mm/second, sensitivity of 5 mm = 1 mV. 


pre-excitations syndromes. Isolated supraventricular 
(SVPD) and ventricular (VPD) tachydysrhythmias are 
found in low numbers in horses without organic heart 
disease, particularly in prolonged resting ECG recordings 
(see Chapter 10), but these “normal” dysrhythmias are 
less common than second-degree AV block and other 
bradydysrhythmias. Persistent and frequent tachydys- 
rhythmias are more commonly associated with cardiac 
and noncardiac pathology. Ambulatory ECG monitoring 
is very useful in documenting the frequency of dysrhythmic 
episodes in horses with intermittent tachydysrhythmias 
(see Chapter 10) and is invaluable in monitoring and 
assessing the effects of any treatment. 


Supraventricular premature depolarizations 
and tachycardia 


( AF, SFP) 


SVPD originate in the atria before SA nodal discharge.” 
There is often an underlying regular rhythm and the SVPD 
may or may not be conducted to the ventricles. On aus- 
cultation, beats occurring earlier than normal are detected. 
Electrocardiography reveals a normally configured QRS-T 
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complex, occurring prematurely. A bizarre P wave may be 
visible or may be hidden in the preceding T wave (Figs. 
13.5 and 13.6). Supraventricular or atrial tachycardia is 
defined as more than four SVPD occurring in sequence.” 
Horses with frequent SVPD or supraventricular tachy- 
cardia are often able to maintain a normal ventricular 
response rate as some of the SVPD are blocked at the level 
of the AV node (see Fig. 13.6). 

Infrequent SVPD can be detected in normal horses. 
However, frequent SVPD and atrial tachycardia may be 
indicative of myocardial disease (Fig. 13.7), or occur in 
association with atrial enlargement due to AV valvular 
disease or congenital heart disease. If an obvious predis- 
posing cause is identified, treatment should be directed at 
that. In some horses, SVPD resolve following a period of 
rest and therapy with corticosteroids’ (see Table 7.1). Spe- 
cific antidysrhythmic therapy is rarely necessary provided 
that the ventricular rate is not affected by SVPD. Digoxin®** 
or diltiazem**™ can be used to control the ventricular rate 
with rapid supraventricular tachycardia (see Table 7.1). 
Digoxin has a very narrow therapeutic to toxic range and 
therefore horses should be monitored for any signs of 
digoxin toxicity. Serum or plasma samples should be 
obtained for digoxin concentrations after several days of 
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Figure 13.6 An ECG recorded on lead Y from a 10-year-old riding horse with a history of exercise intolerance. Blocked 
supraventricular premature depolarizations are located in the S-T segment of the preceding sinus beat (arrows). Recorded a 


paper speed of 25 mm/second, sensitivity of 5 mm = 1 mV. 
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Figure 13.7 Base-apex ECGs from an 11-year-old Arabian 
mare with generalized myocarditis. Frequent supraventricular 
premature depolarizations (more than 100 per hour) were 
detected with 24-hour ambulatory ECG. 


oral therapy to see if adjustments in the dosage are neces- 
sary (see Chapter 7). Phenytoin may also be helpful in 
suppressing SVPD in some cases (see Table 7.1). Horses 
with persistent, numerous SVPD, no performance limita- 
tions, and minimal identifiable underlying cardiac disease, 
can continue to be used for ridden activities as it is unlikely 
that these horses will collapse or represent a danger to a 
rider. However, numerous SVPD are a risk factor for the 
development of atrial fibrillation (see below) and thus, 
the potential for future performance-limiting problems 
must be considered, particularly when advising potential 
purchasers. 


Atrial fibrillation 
( AF, VMD) 


Atrial fibrillation (AF) is a common arrhythmia in 
horses.™° The estimated minimum frequency (i.e. no. 
of episodes per race starts) of AF in Japanese racehorses 
is 0.03% with an estimated minimum prevalence (i.e. 


no. of horses with AF per no. of racehorses) of AF among 
Japanese racehorses being 0.29%.** A similar frequency 
has been reported in the UK.” In the vast majority of 
horses that develop AF during racing the dysrhythmia is 
paroxysmal.***” There do not appear to be any gender 
predispositions but AF is more prevalent in racehorses 
>4 years of age compared to 2-year-olds. Horses racing 
on turf were more likely to develop AF than those 
racing on dirt in one study.” AF is also very common in 
large draft breeds“? and Standardbreds have been over- 
represented compared to hospital populations in some 
studies.” 

AF is due to re-entry (see Chapter 6). Shortening of the 
effective refractory period, atrial inhomogeneity and SVPD 
set the stage for the development of AF and normal horses 
are predisposed to the development of AF in the absence 
of structural heart disease due to their high resting vagal 
tone and large atrial mass. Most horses with AF have little 
or no underlying cardiac disease and in this situation, the 
term “lone AF” is applied. However, AF can also be related 
to atrial enlargement and horses with congestive heart 
failure due to congenital or acquired cardiac disease fre- 
quently develop AF Transient potassium depletion, such 
as can occur with the administration of furosemide or with 
the loss of large amounts of potassium in the sweat of 
exercising horses, is also thought to be a predisposing 
factor in the development of AF. 

Presenting complaints for horses with AF include poor 
performance in horses engaged in athletic activities, 
tachypnoea, dyspnoea, exercise-induced pulmonary hae- 
morrhage, myopathy and colic. AF can also be an inciden- 
tal finding during a routine examination, particularly in 
horses that do not routinely perform vigorous exercise. 
Horses with lone AF usually have normal resting heart 
rates (<44 bpm), although the rhythm is irregularly irregu- 
lar and no S4 is produced. The intensity of the peripheral 
arterial pulses is also irregularly irregular. Pulse deficits 
may be present, particularly in horses with two conducted 
beats occurring in rapid succession. Increased resting heart 
rates (>50 bpm) and loud cardiac murmurs and signs 
consistent with congestive heart failure should alert the 
clinician to the possibility that significant underlying heart 
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Figure 13.8 Base-apex ECG obtained from a horse with atrial fibrillation. Notice the irregularly irregular R-R intervals, 


the absence of P waves and the presence of baseline “f” waves. A ventricular complex is present (arrow) and the remainder 
of the QRS configurations are normal, as is the ventricular rate (30 bpm). Recorded at a paper speed of 25 mm/second, 


sensitivity of 5 mm = 1 mV. 


disease is present. Clinical signs of left-sided heart failure 
(pulmonary oedema, coughing, tachypnoea) and/or right- 
sided heart failure (generalized venous distention, jugular 
pulsations and peripheral oedema) may be present (see 
Chapter 16). 

The ECG reveals irregularly irregular R-R intervals, no 
P waves and normal appearing QRS complexes (Fig. 13.8). 
Rapid baseline fibrillation “f” waves are usually present, 
which may be small (fine) or large (coarse). In approxi- 
mately 10% of horses with AE QRS complexes originating 
from the ventricle will also be detected (see Fig. 13.8) 
while with congestive heart failure, tachycardia is 
confirmed. 

AF may be paroxysmal and spontaneous conversion to 
normal sinus rhythm may occur in otherwise normal 
horses. Spontaneous conversion usually occurs within 
24-48 hours of the onset of AF": Paroxysmal AF (PAF) 
most often occurs during strenuous exercise and the horse 
will often pull up abruptly, displaying signs of distress. 
In these cases, it is extremely helpful if the dysrhythmia 
can be documented to be AF at the time of the initial 
episode. However, if this is not achieved, frequent SVPD 
documented on subsequent 24-hour ambulatory ECGs 
provides supportive evidence that the episode of distress 
was due to PAF (see Chapter 11). However, very similar 
clinical signs can be seen with exercise-associated ven- 
tricular dysrhythmias and this possibility should be 
explored with 24-hour ambulatory and exercising ECG if 
it has not been possible to obtain an ECG at the time 
of the initial episode. Where PAF is confirmed, or sus- 
pected, echocardiography, haematology and blood bio- 
chemistry including cardiac troponin I concentrations 
should be assessed. Whole body potassium and/or mag- 
nesium depletion may be a predisposing factor in PAF, 
and these can be investigated using red cell electrolyte 
concentrations or by calculating a fractional excretion of 
potassium and magnesium in the urine. A urine and 
serum sample must be obtained simultaneously, prefer- 
ably before exercise and morning feeding, and serum and 
urinary creatinine and electrolyte concentrations meas- 
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ured. The fractional excretion (FE) of electrolytes is cal- 
culated using the following equation: 


_ urine (electrolyte) x serum (creatinine) x 100 


a serum (electrolyte) x urine(creatinine) 

A low fractional excretion of potassium or magnesium 
indicates renal conservation and a probable low total- 
body potassium or magnesium status. Although PAF can 
be a recurrent condition, this is not typically the case, but 
exercising ECG should be obtained when training resumes 
to ensure that there is no persistent, exercise-associated 
arrhythmia. 

Horses with little or no underlying cardiac disease are 
candidates for conversion to sinus rhythm either with 
pharmacological or electrical cardioversion. Factors likely 
to influence the success of treatment include the presence 
of AV valvular regurgitation, atrial enlargement and 
primary myocardial disease***” and thus echocardiogra- 
phy is an important component of the pretreatment 
assessment in horses with sustained AF. In particular the 
diameter of the left atrium and the presence of valvular 
regurgitation should be noted. Horses with AF often have 
mild reductions in fractional shortening and Doppler 
echocardiographic indices of systolic function that can be 
expected to improve after successful conversion and 
should not be mistaken for evidence of global myocardial 
disease.""? Echocardiographic findings will vary depend- 
ing on the underlying cause in horses with AF and conges- 
tive heart failure. 

The atria undergo electrical remodelling in response to 
AF” and the likelihood of successful conversion decreases 
and recurrence rate increases with increased duration. In 
one study, in horses with AF of less than 3 months’ dura- 
tion the recurrence rate was 15%, whereas if AF had been 
present for longer, the recurrence rate was 65%.*° It can be 
difficult to determine the onset of the AF but the horse’s 
caretakers should be questioned closely on the horse's 
performance history. All available treatment options carry 
some risk, and in horses with no performance limitations, 
particularly those in which the AF has likely been present 
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for a considerable period, owners should be counselled to 
consider the risks and benefits of treatment carefully. It 
may be more appropriate to evaluate such horses’ exercis- 
ing heart rates and rhythms and continue to use them for 
ridden activities, provided the exercising ECG reveals no 
further abnormalities. 

Quinidine remains the most widely used drug for treat- 
ment of AF due to its action of prolonging the effective 
refractory period (see Chapter 7). However, it is also 
proarrhythmic and has a wide range of cardiovascular and 
noncardiac side-effects and therefore must be used with 
care. Physical examination and laboratory assessment 
prior to treatment should ensure that the horse is healthy, 
and in particular any electrolyte disturbances should be 
ruled out. An intravenous catheter should be inserted prior 
to beginning the quinidine treatment so that rapid venous 
access is available if severe dysrhythmias develop. A con- 
tinuous ECG should be obtained throughout the entire 
treatment period to monitor cardiac rhythm and conduc- 
tion times. The QRS duration should be measured from 
the ECG prior to each planned administration of quini- 
dine and compared to the pretreatment duration. Increases 
of >25% are suggestive of quinidine toxicity. 

The duration of the AF prior to treatment and the pres- 
ence and severity of any underlying cardiac disease detected 
help to determine the ideal treatment regimen. If the dura- 
tion of the arrhythmia is recent, ideally less than 2 weeks’ 
duration, quinidine gluconate can be administered intra- 
venously to effect** (see Table 7.1). If the AF is of more 
longstanding duration (>2 weeks) and/or there is mild to 
moderate, but not severe, underlying cardiac disease (mild 
to moderate tricuspid, mitral or aortic regurgitation or 
mild myocardial dysfunction), quinidine sulphate can be 
administered at 22 mg/kg via nasogastric intubation every 
2 hours until the horse converts to sinus rhythm, experi- 
ences adverse reactions or toxic side effects to quinidine 
sulphate treatment (Table 13.2) or has received four treat- 
ments at 2-hour intervals.” The majority of horses with 
AF can only tolerate four treatments every 2 hours before 
exhibiting adverse or toxic side effects. If no adverse reac- 
tions or toxic side effects are experienced by the horse and 
the horse has not converted to sinus rhythm after the 
first four treatments ideally therapeutic drug monitoring 
should begin. The therapeutic plasma concentration of 
quinidine is 2-5 ug/mL. Provided that the plasma quini- 
dine concentrations are in this range, or where quinidine 
concentrations cannot be measured, after four to five 
doses, treatment intervals should be prolonged to every 
half-life, approximately every 6 hours. Treatment intervals 
should be maintained at every 6 hours until conversion to 
sinus rhythm, adverse reactions or toxic side effects develop 
or the owner elects to discontinue treatment.” If conver- 
sion has not occurred by day 2, oral digoxin (0.011 mg/ 
kg twice daily) appears to be helpful in the conversion of 
some horses that do not convert with quinidine alone. 
However, digoxin should not be administered beyond 


day 2 without monitoring serum digoxin concentrations. 
Digoxin and quinidine compete for binding to plasma 
proteins and the administration of digoxin and quinidine 
together results in rapid elevations of serum digoxin con- 
centrations (nearly double) and the possible development 
of digoxin toxicity.*° Horses with digoxin toxicity may be 
anorexic, depressed, colicky and/or have other cardiac 
dysrhythmias. 

Horses being treated for AF with quinidine should be 
monitored carefully for adverse reactions and signs of qui- 
nidine toxicity. The adverse reactions or toxic side effects 
are primarily cardiovascular, neurological or gastrointesti- 
nal. The detection of any significant adverse reactions or 
signs of quinidine toxicity (see Table 13.2) should prompt 
discontinuation of quinidine administration and may 
require additional treatment if the induced problem is 
serious (Tables 13.2, 13.3). 

The cardiovascular side effects or adverse reactions of 
quinidine administration include hypotension, decreased 
cardiac contractility, congestive heart failure, prolongation 
of the QRS complex (Fig. 13.9), a rapid supraventricular 
tachycardia (Fig. 13.10), ventricular dysrhythmias (Figs. 
13.11 and 13.12) and sudden death (see Table 13.3). 
Horses being treated with quinidine should have their 
blood pressure monitored during treatment for quinidine- 
induced hypotension. If the pulse pressure becomes very 
weak and severe hypotension develops, quinidine admin- 
istration should be discontinued. Polyionic fluids and CRI 
of phenylephrine are used to restore blood pressure in 
horses with severe hypotension. Prolongation of the QRS 
duration to greater than 25% of the pretreatment QRS 
duration is an indication of quinidine toxicity and quini- 
dine sulphate administration should be discontinued (see 
Fig. 13.9). QT interval prolongation also occurs with qui- 
nidine administration. 

Rapid supraventricular tachycardia occurs in horses 
being treated for AF with quinidine caused by a sudden 
removal of vagal tone at the AV node (see Fig. 13.10). This 
very rapid heart rate is an idiosyncratic reaction and is not 
necessarily associated with high plasma quinidine concen- 
trations. Sustained ventricular response rates greater than 
100 bpm in horses being treated for AF with quinidine 
should be treated and controlled, before continuing qui- 
nidine administration, to prevent further deterioration of 
the cardiac rhythm (see Table 13.3). Digoxin should be 
administered intravenously if the heart rate is rapidly 
increasing and does not return to normal rapidly. Oral 
digoxin may be administered if the heart rate is rapid but 
readily returns to a more normal value. Heart rates greater 
than 200 bpm are potentially life-threatening (see Fig. 
13.10) and require immediate therapy (see Table 13.3) to 
slow the ventricular response rate and prevent deteriora- 
tion of the horse’s cardiovascular status. Intravenous 
sodium bicarbonate is also indicated and should bind any 
free circulating quinidine, helping to prevent a further 
increase in heart rate and deterioration of the cardiac 
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Table 13.2 Adverse reactions and toxic side effects of quinidine sulphate/gluconate treatment 


1. Depression 
R,: Seen in all treated horses, no R, indicated 
2. Paraphimosis 


3. Urticaria and/or wheals 


4. Nasal mucosal swelling 
Snoring 


Upper respiratory tract obstruction 


or perform emergency tracheotomy 
. Laminitis 


. Neurological 
Ataxia 
Rx: Discontinue quinidine; sign of quinidine toxicity 
Bizarre behaviour — hallucinations? 
Rx: Discontinue quinidine; sign of quinidine toxicity 
Convulsions 


. Gastrointestinal 
Flatulence 

Rx: Seen in many treated horses; R, not indicated 
Diarrhoea 


Colic 
. Cardiovascular 
Rœ See Table 7.1 


Rx: Discontinue quinidine 
Hypotension 


Congestive heart failure 


Sudden death 
Rx: CPR 


rhythm. If the horse’s heart rate remains increased, pro- 
pranolol should be administered to help slow the ven- 
tricular response rate. Diltiazem can also be effective in 
controlling the ventricular rate in quinidine-induced 
supraventricular tachycardia.**** 

Quinidine can also produce life-threatening ventricular 
dysrhythmias (see Figs. 13.11 and 13.12). If a large 
number of VPD, ventricular tachycardia or polymorphic 
VPD are detected, quinidine administration should cease. 
If these ventricular dysrhythmias persist or there are clini- 
cal signs associated with these dysrhythmias, the intrave- 
nous administration of antiarrhythmic drugs should be 
instituted (see Table 13.3). Torsades de pointes, a wide 
ventricular tachycardia (see Figs. 13.11 and 13.12), is a 
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Rx: Seen in all treated stallions or geldings, no Rx indicated 


Rx: Discontinue quinidine; if severe, administer corticosteroids and/or antihistamines 


Rx: Monitor degree of airflow; discontinue quinidine if significant decrease in air flow through nares 


Rx: Discontinue quinidine; if severe administer corticosteroids and/or antihistamines, insert nasotracheal tube preferably, 


Rx: Discontinue quinidine; administer analgesics and shoeing changes as needed 


Rx: Discontinue quinidine; sign of quinidine toxicity; administer anticonvulsants as indicated 


R,: Usually resolves with discontinuation of R,; discontinue R, if diarrhoea severe 
Rx: Usually resolves with administration of dipyrone; use other analgesics as needed 
Tachycardia — supraventricular or ventricular — uniform, multiform, torsades de pointes 


Prolongation of the QRS duration (>25% of pretreatment value) 


R,; Discontinue quinidine; administer phenylephrine if needed (0.1-0.2 ug/kg/minute) 


Rx: Discontinue quinidine; administer digoxin if not already given 


dysrhythmia induced by quinidine administration that is 
more likely to occur in hypokalaemic horses (see Fig. 
13.12). Therefore, every effort should be made prior to 
quinidine treatment to be sure that horses have an ade- 
quate whole-body potassium status. Intravenous magne- 
sium sulphate should be started immediately in horses 
with quinidine-induced torsades de pointes. Sudden death 
in horses with AF treated with quinidine is probably asso- 
ciated with the deterioration of rapid supraventricular or 
ventricular tachycardia to ventricular fibrillation or cardiac 
arrest. The possibility of sudden death occurring under- 
scores the importance of continuous electrocardiographic 
monitoring and rapid treatment of any dysrhythmias that 
do occur. 
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Table 13.3 Treatment of quinidine-induced dysrhythmias and hypotension 


Determine if dysrhythmia is supraventricular or ventricular 
. Obtain another ECG lead if unable to make this determination from the base-apex lead; look for changes in QRS 
configuration from normal or preceding QRS configuration. Record ECG during entire treatment with radiotelemetry, 
if possible 
. Obtain blood pressure if possible 
Don't panic 


If dysrhythmia is supraventricular 
1. If rate is sustained in excess of 100 bpm 
a. Administer digoxin at 0.0022 mg/kg IV (1 mg/450 kg) or 0.011 mg/kg orally (5 mg/450 kg) 
. If rate is sustained in excess of 150 bpm and/or blood pressures are poor 
a. Administer digoxin at 0.0022 mg/kg IV (1 mg/450 kg); can repeat dose once in a relatively short period of time if 
necessary 
b. Administer sodium bicarbonate IV at 1 mmol/kg 
. If rate is still high 
a. Administer propanolol at 0.03 mg/kg IV (13.5 mg/450 kg) to slow heart rate 
b. Administer diltiazem at 0.125 mg/kg IV over 2 min repeated every 12 min 
c. Administer verapamil at 0.025-0.025 mg/kg IV every 30 min, can repeat up to 0.2 mg/kg total dose 


If dysrhythmia is ventricular 
1. If wide QRS tachycardia (torsade de pointes) 
a. Administer magnesium sulphate at 2.2-5.5 mg/kg/min IV to effect up to 55 mg/kg total dose 
. If ventricular tachycardia is unstable 
a. Administer propanolol at 0.03 mg/kg IV 
. Administer lignocaine HCI at 20-50 g/kg/min or 0.25-0.5 mg/kg very slowly IV, can repeat q 5-10 min 
. Administer magnesium sulphate at 2.2-5.5 mg/kg/min IV to effect up to 55 mg/kg total dose 
. Administer propafenone at 0.5-1 mg/kg in 5% dextrose IV over 5- 8min 
. Administer bretylium at 3-5 mg/kg IV. Can repeat up to 10 mg/kg total dose. 


n 
n 
n 
n 
n 
n 


If blood pressure is poor 
a. Administer polyionic fluids IV as rapidly as possible 
b. Administer phenylephrine to effect at 0.1-0.2 ug/kg/min IV up to 0.01 mg/kg total dose to improve blood pressure 


Figure 13.9 Base-apex ECG obtained from a horse with atrial fibrillation that was then treated with quinidine sulphate and 
developed prolongation of the QRS complex. Following treatment with four doses of 22 mg/kg of quinidine sulphate the QRS 
complexes prolonged to 140 ms and the ventricular rate has increased to 60 bpm. There are now large P waves (arrows) 
occurring regularly and buried in many of the QRS and T complexes associated with an atrial tachycardia (atrial rate of 
150/minute) with block. A quinidine plasma concentration obtained at this time was elevated. Recorded at paper speed of 
25 mm/second, sensitivity of 5 mm = 1 mV. 
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Figure 13.10 Base-apex ECG obtained from a horse with atrial fibri 


wi 


intervals, the absence of P waves and the normal orienta 


no 


h a heart rate of 210 bpm following the second dose of quini 
ion of t 
ricular response rate. Recorded a 


visible due to the rapid ven 


lation that developed a rapid supraventricular tachycardia 
dine sulphate at 22 mg/kg. Notice the slightly irregular R-R 
he QRS complex for the base-apex lead. The “f” waves are 
paper speed of 25 mm/second, sensitivity of 5 mm = 1 mV. 


from a horse with atrial f 


Figure 13.11 Base-apex ECG obtained 


developed a wide ventricular tachycardia (torsades de pointes). Notice how the QRS complexes and T waves twist around 


baseline and are difficult to distinguish 


rom one another. Recorded at paper speed o 


ibrillation that had received 2 doses of quinidine sulphate and 
he 
25 mm/s, sensitivity of 2 mm = 1 mV. 


Figure 13.12 Base-apex ECG obtained 


from a horse with atrial fibri 
and developed torsades de pointes, which was immediately treated with an intravenous in 
Notice the widened QRS complexes and T waves. Notice also the twisting of 


lation that had received six doses of quinidine sulphate 
usion of magnesium sulphate. 
the QRS complexes and T waves around the 


baseline, which is still present although the torsades de pointes is resolving at this time. This horse was hypokalaemic 


(2.4 mEq/L). The wide QRS tachycardia resolved with magnesium and potassi 


of 25 mm/second, sensitivity of 5 mm = 1 mV. 


All horses receiving quinidine should be closely 
monitored for quinidine-induced upper respiratory tract 
obstruction secondary to nasal mucosal swelling. If airflow 
through the external nares decreases significantly quini- 
dine administration should be discontinued. A nasotra- 
cheal tube should be inserted if airflow continues to 
decrease. Corticosteroids and/or antihistamines should be 
administered if the upper respiratory tract obstruction is 
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um replacement fluids. Recorded at paper speed 


severe. An emergency tracheotomy may be necessary in 
some horses if a nasotracheal tube is not inserted when a 
significant decrease in airflow is detected. Urticaria and/or 
wheals occur infrequently in horses receiving quinidine, 
but the every 2 hour administration of quinidine sulphate 
should be discontinued if urticaria and/or wheals develop. 
If the urticaria and wheals are severe antihistamines and 
corticosteroids may be indicated. 
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Paraphimosis is a common transient problem in all 
geldings and stallions and disappears with a return of 
plasma quinidine concentrations to negligible levels. 
Therefore, it is not necessary to discontinue quinidine 
administration if the horse develops paraphimosis. Lam- 
initis, a serious potential complication of quinidine treat- 
ment, is extremely rare. However, if the horse’s digital 
pulses are increased, quinidine administration should be 
discontinued. If the horse is uncomfortable because of the 
laminitis, aggressive treatment for laminitis should begin. 
Neurological signs are indicative of quinidine toxicity and 
quinidine treatment should be discontinued if the horse 
exhibits any bizarre behaviour, ataxia or has a seizure. If 
seizures occur anticonvulsants may be indicated until the 
plasma quinidine concentrations have decreased and the 
seizures resolve. 

Quinidine is very irritating to the gastrointestinal tract 
and some evidence of this is usually detected in every 
horse receiving quinidine. Flatulence is very common and 
is seen in nearly all horses after several doses of quinidine 
sulphate but is not associated with any adverse reactions, 
and thus the administration of quinidine should not be 
discontinued. Diarrhoea often occurs in horses receiving 
multiple doses of quinidine and usually resolves with dis- 
continuation of quinidine treatment. If the horse’s faeces 
are just loose, but not pipe-stream, quinidine administra- 
tion can be continued. However, if the diarrhoea worsens 
with continued quinidine treatment, quinidine sulphate 
administration should be discontinued. Quinidine admin- 
istration should be discontinued in horses with colic. 
Analgesics should be administered if needed for 
abdominal pain. Oral ulcerations are associated with 
oral administration of the drug and can be severe; 
therefore, the oral administration of quinidine sulphate 
is contraindicated. 

Electrical cardioversion (see Chapter 14) appears to be 
the most viable alternative to treatment with quinidine 
sulphate at this time.“ But, alternative, more modern 
antidysrhythmic drugs are currently under investigation. 
Amiodarone, a class 3 antidysrhythmic and B-adrenergic 
drug that increases the refractory period by blocking potas- 
sium and sodium channels has a good conversion rate and 
few side effects in human AF. Amiodarone has low oral 
bioavailability in horses.” To date, two different treatment 
regimens have been reported and 4 of 6 and 3 of 6 cases 
converted to sinus rhythm with these protocols.*”** In the 
horses that did not convert, treatment had to be aban- 
doned due to adverse effects of hindlimb weakness or 
depression and diarrhoea. 

Flecainide is a class 1c antidysrhythmic drug. It slows 
intracardiac condition and prolongs the refractory period. 
Intravenous flecainide is unsuccessful in treating chronic 
AF and has an unacceptable number of side effects, 
including dangerous tachydysrhythmias.** However, a 
protocol for oral administration of flecainide has been 
used successfully in an experimental AF model,” and at 


the current time, in one naturally occurring case.*° Feed is 
withdrawn overnight and flecainide is administered orally 
at 4.1 mg/kg at 2-hour intervals for a maximum of 4-6 
doses then the dosing interval is extended to 4-6 hours. 
Side effects include depression, agitation, mild abdominal 
pain, reduced gastrointestinal sounds, hypotension, and 
prolongation of the QRS and QT intervals.’”*° There are 
also two reported cases of sudden death in horses 
given flecainide orally within 24 hours of unsuccessful 
attempts at conversion with quinidine sulphate.” Further 
work is required to confirm the optimal dosage regimens 
and the safety and efficacy of flecainide, but when used 
orally, it may offer a potential alternative to quinidine 
sulphate. 

Following treatment of AF, it is prudent to perform a 
24-hour ambulatory ECG to confirm that there are no 
residual dysrhythmias. AF leads to left atrial mechanical 
dysfunction“? and over time, electrical remodelling asso- 
ciated with a progressive shortening of the atrial effective 
refractory period, attenuation of the atrial refractory period 
rate adaptation and decrease in the AF cycle length.” 
These changes are likely to be more pronounced with 
long-standing AF. Consequently, following conversion to 
sinus rhythm, a period of reduced workload of up to 4 
weeks is recommended. 

Cardioversion is not indicated in AF associated with 
congestive heart failure, and the aim of treatment is rate 
control, rather than rhythm control, thus treatment of 
horses with congestive heart failure and AF should be 
directed towards slowing the ventricular response rate and 
supporting the failing myocardium.'*” These are also 
inappropriate patients for conversion with quinidine 
because of its negative inotropic effect (see Chapter 19). 


Ventricular pre-excitation 


Ventricular pre-excitation syndrome is very rare in 
horses.“ It is characterized by a shortened P-R interval 
(<0.22 seconds) and is the result of accelerated conduc- 
tion from the atria to the ventricle through an accessory 
conduction pathway. There may be a 6 wave, a slurring of 
the R wave due to abnormal ventricular activation. Phar- 
macological testing can be used to confirm the presence 
of the accessory pathway: isoprotenerol accelerates con- 
duction through the AV node while quinidine inhibits 
conduction through the AV node.“ Pre-excitation syn- 
drome may be an incidental ECG finding, or if rapid tachy- 
cardia develops, may present with clinical signs of 
weakness and distress. The accessory pathway may allow 
the establishment of a circus movement with antegrade 
movement from the atria to the ventricles through the 
pathway and retrograde movement from the ventricles to 
the atria through the bundle of His and AV node.“ 
Although this is a form of supraventricular tachycardia, it 
appears electrocardiographically very similar to ventricular 
tachycardia, with broad QRS complexes (Fig 13.13). 
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Figure 13.13 (A) Supraventricular tachycardia with wide and bizarre complexes in a 15-year-old Warmblood gelding with 


pre-excitation. This horse was usually asymptomatic with a normal resting heart rate but on two occasions over a 4-year 
period developed weakness and distress due to this tachycardia that resolved in response to treatment with procainamide on 
both occasions. Base-apex lead, recorded at paper speed of 25 mm/second, sensitivity of 5 mm = 1 mV. (B) When the heart 
rate is normal, the P-R interval is absent as conduction from the atria to the ventricles is through an accessory pathway and a 
delta wave is evident on the downstroke of the R wave. Modified base-apex lead, each strip displays 13 seconds and the two 


strips are continuous. 


Procainamide is the treatment of choice in this form of 
supraventricular tachycardia® (see Table 7.1). 


Ventricular premature 
depolarizations 


Ventricular premature depolarizations (VPD) originate 
within the ventricular myocardium.” Auscultation reveals 
a beat occurring earlier than normal, loud first heart sound 
and loud sounds produced when two heart sounds are 
occurring simultaneously. There may be pulse deficits. On 
electrocardiography, VPD occur early, have abnormal 
QRS-T complexes and are not preceded by P waves. The 
most common form is a wide QRS complex that is fol- 
lowed by a T wave orientated in the opposite direction 
(Fig. 13.14). If all the VPD have the same configuration, 
they are described as monomorphic whereas VPD with 
more than one configuration are defined as polymorphic, 
and implies that they are originating from more than one 
site within the ventricles. 

Infrequent VPD can be detected at rest, and during and 
following exercise in normal horses (see Fig. 13.14). 
However, if they are frequent, polymorphic or occur fre- 
quently during exercise, they are considered to be abnor- 
mal. Potential causes include myocardial inflammation, 
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degeneration, necrosis or fibrosis, electrolyte abnormali- 
ties, hypoxia and endotoxaemia.” VPD are common in 
horses with severe mitral insufficiency and heart failure.'® 
Again, if an underlying cause can be identified, treatment 
is directed at that. In some horses, VPD resolve following 
a period of rest and therapy with corticosteroids such 
as dexamethasone at a dose of 0.05-0.2 mg/kg IV.’ 
( ` RCT, CN, AF) 


Ventricular tachycardia 
( ACF, IE, VT) 


Ventricular tachycardia is defined as four or more VPD 
occurring in sequence and it is often indicative of primary 
myocardial disease.**””*'® However, the horse should be 
carefully examined for other causes of ventricular tachy- 
cardia such as hypoxia, electrolyte imbalances™!? or drug- 
induced ventricular dysrhythmias. Aorto-cardiac fistula 
occurs in older (usually >10 years) horses, often stallions, 
with acute onset of distress that may be interpreted ini- 
tially as colic and monomorphic ventricular tachycardia 
(usually with rapid regular heart rates >120 bpm).°° 
Infective endocarditis involving the mitral or aortic valves 
is also associated with ventricular tachycardia caused 
by septic embolization of the ventricular myocardium 
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Figure 13.14 An ECG recorded on lead Y from a normal horse. A ventricular premature depolarization (arrow) is represented 


by a large, wide QRS complex with the T wave orientated in the opposite direc 


second, sensitivity of 5 mm = 1 mV. 


ion. Recorded at paper speed of 25 mm/ 
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Figure 13.15 An ECG showing paroxysmal monomorphic ven 


25 mm/second, sensitivity of 5 mm = 1 mV. 


through the coronary circulation (see Chapter 17). 
Rattlesnake envenomation,’ severe metabolic distur- 
bances,” endotoxaemia,'™'® septic shock'* and severe hae- 
moperitoneum“ can lead to ventricular tachycardia. 
Life-threatening dysrhythmias can also occur following 
subarachnoid haemorrhage and head trauma which can 
lead to markedly increased sympathetic and parasympa- 
thetic output. Clinical signs of congestive heart failure 
develop rapidly in horses with shorter cycle lengths and 
higher heart rates and when the ventricular rhythm is 
polymorphic. Clinical signs of congestive heart failure 
become more severe, the longer ventricular tachycardia is 
present. Generalized venous distention, jugular pulsa- 
tions, ventral oedema and pleural effusion will typically 
develop in horses with sustained ventricular tachycardia 
at a rate of equal to or greater than 120 bpm. Occasionally, 
these horses will also develop pericardial effusion, pulmo- 
nary oedema and ascites. Syncope has been detected in 
horses with monomorphic ventricular tachycardia and a 
heart rate equal to or greater than 150 bpm. 
Auscultation reveals a rapid rhythm that can be fairly 
regular if monomorphic ventricular tachycardia is present 
and irregular with polymorphic ventricular tachycardia. 
Heart sounds are often loud and vary in intensity. Loud 
booming heart sounds (bruit de cannon) can be detected 
in some horses associated with the simultaneous produc- 
tion of two heart sounds during periods of AV disso- 
ciation. The ventricular rate in horses with ventricular 


ʻi 
sinus beat there is a run of ventricular tachycardia before sinus rhy 


cular tachycardia in a 7-year-old hunter gelding. After one 


hm is restored. Recorded on lead Y at paper speed of 


tachycardia is usually increased (>60 bpm) with a slower 
independent atrial rate. Jugular pulsations occur in asso- 
ciation with the AV dissociation. 

The ECG is important in determining the frequency 
severity of the ventricular dysrhythmias detected.'*'? The 
configuration of the QRS complex and T wave is abnormal 
and the QRS complex is unrelated to the preceding P wave. 
The P-P interval is regular but the P waves are often buried 
in QRS and T complexes (AV dissociation). Monomorphic 
ventricular tachycardia occurs when the ectopic focus 
originates from one place in the ventricle, creating only 
one abnormal QRS and T wave configuration and usually 
the R-R interval is regular (Fig. 13.15). Polymorphic ven- 
tricular tachycardia occurs when the VPD originate from 
more than one focus in the ventricle, creating abnormal 
QRS and T complexes of different orientations (Fig. 
13.16). Polymorphic VPD are associated with increased 
electrical inhomogeneity and instability and an increased 
risk of a fatal ventricular rhythm developing. The R on T 
phenomenon, a QRS complex occurring within the 
preceding T wave, also indicates marked electrical inho- 
mogeneity and instability and increases the chance for 
ventricular fibrillation to develop (Fig. 13.17). Wide QRS 
tachycardia or torsades de pointes (see Figs. 13.11 and 
13.12), in which the QRS and T complexes twist around 
the baseline, is another ventricular rhythm which may 
rapidly deteriorate into ventricular fibrillation and result 
in sudden death. 
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Figure 13.16 An ECG showing polymorphic ventricular premature depolarizations in an aged pony with hypokalaemia, 


hypocalcaemia, hypomagnesaemia and disseminated intravascular coagula 


on following surgery for small intestinal 


strangulation. Two abnormal QRS-T complexes (1 and 2) are present on this strip. Recorded on lead Y at paper speed of 


25 mm/second, sensitivity of 5 mm = 1 mV. 


= 


Figure 13.17 ECG showing R on T phenomenon (arrows) in the pony shown in Figure 13.16 with polymorphic ventricular 


tachycardia which progresses to fatal ventricular fibrillation. Recorded on lead Y at paper speed of 25 mm/second, sensitivity 


of 5mm = 1 mV. 


The echocardiogram in horses with monomorphic ven- 
tricular tachycardia is usually normal other than the pres- 
ence of wall motion abnormalities associated with the 
rhythm disturbance. ( ° VT) Severe myocardial dysfunc- 
tion is usually detected in horses with polymorphic 
ventricular tachycardia, indicating possible myocardial 
disease.’ The aortic root should be carefully examined in 
horses with colic and monomorphic ventricular tachycar- 
dia, particularly older stallions, as these horses may have 
intracardiac aortic root rupture. ( ACE, VT) 

Treatment of ventricular tachycardia is indicated if the 
horse is showing clinical signs at rest attributable to the 
dysrhythmia, the rate is excessively high, the rhythm is 
polymorphic or R on T complexes are detected. If pulmo- 
nary oedema is present emergency treatment should be 
instituted as soon as possible and should include furosem- 
ide (1-2 mg/kg IV), intranasal oxygen and drugs to reduce 
anxiety, if needed.® The selection of an appropriate anti- 
dysrhythmic for a horse with ventricular tachycardia 
depends upon the severity of the dysrhythmia, the associ- 
ated clinical signs, the suspected aetiology and the avail- 
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ability of appropriate antiarrhythmic drugs (see Table 
7.1). All antiarrhythmic drugs may have adverse effects 
and can also be proarrhythmic (Table 13.4) and therefore 
they should be administered with care, ideally while the 
ECG is monitored continuously. (ACE VT) 

A number of antidysrhythmic drugs are appropriate for 
treatment of unstable ventricular tachycardia in the horse, 
with no specific one emerging as the drug of first choice 
when availability, efficacy and adverse effects are consid- 
ered (see Tables 7.1 and 13.4). Lignocaine is readily avail- 
able and is the most rapidly acting drug but must be 
administered carefully and in small doses due to the 
excitement and seizures associated with larger doses.*"*?? 
Diazepam (0.05 mg/kg IV) may be used to control the 
excitability or seizures that may result from lignocaine.” 
The therapeutic plasma concentration of lignocaine is 
1.5-5 mg/mL. Quinidine gluconate,” procainamide,” 
amiodarone” and propafenone” are either administered 
intravenously slowly, in graded doses, or as CRI (see 
Table 7.1). The principal metabolite of procainamide is 
N-acetylprocainamide (NAPA), which is also pharmaco- 
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Table 13.4 Adverse effects of antidysrhythmic drugs 


DRUG 


Amiodarone 


ADVERSE EFFECTS 


Hindlimb weakness, depression, 
Diarrhoea 


CARDIOVASCULAR EFFECTS 


Bradycardia and VT in human beings 


Atropine 


lleus, mydriasis 


Tachycardia, arrhythmias 


Bretylium tosylate 


Gl 


Hypotension, tachycardia, arrhythmias 


Digoxin 


Depression, anorexia, colic 


SVPD, VPD, SVT, VT 


Flecanide 


Lignocaine (lidocaine) 


Quinidine 


Collapse, depression, agitation, 
Colic 


Excitement, seizures 


Depression, paraphimosis, urticaria, 


wheals, nasal mucosal swelling, 
laminitis, neurological, GI 


VT, life threatening if used IV, sudden 
death, hypotension, prolongs QRS 
and QT intervals 


[, sudden death 


Hypotension, SVT, VT, prolongs QRS, 
sudden death, neg. inotrope 


Phenytoin 


Sedation, drowsiness, lip and facial 
twitching, gait deficits, seizures 


Arrhythmias 


Procainamide 


Gl, neurological — similar to 
quinidine 


Hypotension, SVT, VT prolongs QRS, 
sudden death, neg. inotrope 


Propafenone 


Gl, neurological — similar to 
quinidine, bronchospasm 


CHF, AV block, arrhythmias, neg. 
inotrope 


Propranolol 


Lethargy, worsening of chronic 


Bradycardia, third-degree AV block, 


obstructive pulmonary disease 


arrhythmias, CHF, neg. inotrope 


Verapamil 


Hypotension, bradycardia, AV block, 
asystole, arrhythmias, neg. inotrope 


CHF, congestive heart failure; Gl, gastrointestinal; neg., negative; SVPD, supraventricular premature depolarizations; SVT, supraventricular 
tachycardia; VPD, ventricular premature depolarizations; VT, ventricular tachycardia. 


logically active. The half-life for procainamide adminis- 
tered intravenously is 3.5 + 0.6 hours and for 
N-acetylprocainamide is 6.3 + 1.5 hours. The therapeutic 
plasma concentration for procainamide is thought to be 
4-10 ug/mL, for N-acetylprocainamide 7-15 g/mL and 
for procainamide and NAPA together 10-30 ug/mL.” 
Intravenous propafenone, if available, should be reserved 
for horses with refractory ventricular tachycardia. Thera- 
peutic plasma concentrations appear to be between 0.2 
and 3.0 ug/mL in horses. Propranolol has negative ino- 
tropic effects and is rarely successful in converting horses 
with ventricular tachycardia. Propranolol should be tried, 
however, in horses that do not respond to other 
antiarrhythmics. Therapeutic plasma concentrations of 
propranolol are 20-80 ng/mL in horses." Magnesium sul- 
phate can be effective in refractory ventricular tachycardia 
in horses, particularly when used in conjunction with 
other antidysrhythmic agents.” Bretylium tosylate, if 
available, should be reserved for horses with severe, life- 


threatening ventricular tachycardia or ventricular fibrilla- 
tion. Phenytoin, administered orally, can be effective in 
horses with ventricular tachycardia that is refractory to 
treatment with lignocaine and/or procainamide (see Table 
7.1). The therapeutic plasma concentrations are 5-10 mg/L 
while sedation, recumbency and excitement can occur at 
higher plasma concentrations; thus, ideally, therapeutic 
drug monitoring is used to modify the dosage regimen in 
individual horses.” Amiodarone is indicated in human 
ventricular tachycardia and has been used successfully in 
one horse given 5 mg/kg/hour for 1 hour then 0.83 mg/ 
kg/hour for 23 hours. Sinus rhythm was initially achieved 
within 24 hours; however, the ventricular tachycardia 
recurred, despite on-going treatment with phenytoin. For 
a second time, amiodarone successfully converted the 
horse to normal sinus rhythm.” No major side effects 
were noted in that horse but horses receiving amiodarone 
may develop hindlimb weakness, depression and diar- 
rhoea.™™ ( ` ACE, AE VT) 
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INTRODUCTION 


Cardiac cells, due to their excitable properties, are capable 
of being depolarized by an external stimulus such as an 
electrical pulse. Such depolarization will only occur if the 
external stimulus has sufficient strength to reach the 
threshold for stimulation and provided that the stimulus 
is not delivered while the cell is in a refractory period.'” 
As atria and ventricles act as a pseudosyncytium, depolari- 
zation of a few atrial or ventricular cells leads to depolari- 
zation of the whole atrium or ventricle, respectively. As 
such, by delivering electrical stimuli at a precise location 
in or around the heart, one can selectively induce atrial or 
ventricular contractions at a specific rate and this is called 
atrial or ventricular pacing. Certain pacing techniques can 
be performed in the standing, unsedated horse without 
being sensed as the required electrical stimuli are of rela- 
tively low intensity. 

It is possible to depolarize nearly the whole atrium or 
ventricle at once using a high-energy direct current shock 
from a capacitor discharge. The whole myocardium is 
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instantaneously brought into a refractory state, and this 
technique can be used to treat certain tachyarrhythmias 
such as atrial or ventricular fibrillation. This procedure is 
called electrical defibrillation (in case of ventricular fibril- 
lation) or electrical cardioversion (in case of other tachyar- 
rhythmias). Required energy levels are high and render the 
technique impossible to be performed without general 
anaesthesia. It is critical that the clinician is aware that 
delivery of an electrical pulse or shock with inappropriate 
amplitude, duration or timing may induce unwanted or 
even dangerous arrhythmias. 


CARDIAC PACING 


During pacing, current pulses with specific amplitude, 
duration and interval are transmitted to the atrium or 
ventricle via appropriately positioned electrodes. Only 
when the current is able to reduce the resting potential of 
the cardiac cell by a critical amount and within a critical 
time, will “capture” be achieved, which means that a depo- 
larization of that chamber will follow. The intensity of the 
electrical pulse required to reach the threshold for stimula- 
tion is determined mainly by the position of the electrodes 
in relation to the heart. This intensity is expressed by the 
pacing amplitude (strength, V) and the pulse width (dura- 
tion, ms) of the electrical stimulus. A stimulus that is large 
in amplitude requires a shorter duration to reach thresh- 
old, and vice versa. At a given pulse duration, the corre- 
sponding threshold amplitude can be easily determined 
by the stimulus reduction method. With a fixed pulse 
duration, pacing is started at a high amplitude, which 
results in consistent capture. Every few beats the ampli- 
tude is gradually reduced until, finally, capture is lost. The 
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Figure 14.1 A strength-duration curve from a temporary atrial lead in a horse displays the combinations of pulse strength and 
duration above which consistent capture is achieved. The rheobase is the lowest voltage at (infinitely) long pulse duration that 
results in capture. The chronaxie is the threshold pulse width at twice rheobase. 


lowest amplitude resulting in capture represents the 
threshold value for that pulse duration. Similarly, the 
threshold pulse duration can be determined for a fixed 
pulse amplitude. Threshold values describe a hyperbolic- 
like strength-duration curve (Fig. 14.1), which is a means 
of verifying that a given electrode position is likely to 
achieve safe and effective cardiac pacing.” Two important 
features of the strength-duration curve are the rheobase 
and chronaxie. The rheobase is the lowest voltage that 
results in capture at “infinitely” long pulse duration 
(usually less than 1.5 ms). The chronaxie is the required 
pulse width when pacing at two times the rheobase 
voltage. When two random points of the strength- 
duration curve are determined, the rheobase, the chron- 
axie and the remaining points of the curve can be 
calculated using the following equation’: 
T=Ir(1+ tc/t) 

where I is the stimulus intensity (voltage or current), t the 
pulse width, Ir the rheobase and tc the chronaxie. 

It is critical that a stimulus is not delivered near the end 
of the refractory period, ie. the “vulnerable” period, 
because this might initiate fibrillation’ and is extremely 
dangerous in case of ventricular stimulation. For this 
reason, most pulse generators (pacemakers) are able to 
“sense” each cardiac depolarization, thereby temporarily 
inhibiting the pacing function. 
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ELECTRODES 


Cardiac pacing techniques can be subdivided depending 
on: (1) the polarity of the electrodes (unipolar or bipolar), 
(2) the location of the electrodes (transcutaneous, trans- 
oesophageal, epicardial, endomyocardial) and (3) the 
duration of pacing (temporary or permanent). 

An electrical current flows between two electrodes, the 
cathode and the anode. The number of electrodes in 
contact with or close to the heart determines whether uni- 
polar or bipolar pacing is performed. The electrode nearest 
to the myocardium should be the cathode (negative) 
because cathodal stimulation is less likely to induce 
arrhythmias.’ For unipolar pacing, one electrode, the 
cathode, is in contact with the heart while the second elec- 
trode is at a remote site of the heart. In case of bipolar 
pacing, cathode and anode are, within a short distance of 
each other, in contact with the heart. Unipolar pacing 
results in a much larger pacing artifact on the surface ECG 
and is more likely to induce skeletal muscle stimulation 
(near the anode) than bipolar pacing. Finally, recording an 
intracardiac ECG through a unipolar lead is more suscep- 
tible to muscle potential artifacts than bipolar recordings. 

Electrode size and especially location determine which 
cardiac chamber will be stimulated and which pulse inten- 
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Figure 14.2 Simultaneous recording of a surface ECG, a marker channel and an intracardiac electrogram in a horse. With an 
atrial (A) or ventricular (B) position of the electrode, the largest deflection on the intra-atrial (A-EGM) or intraventricular 
(V-EGM) electrogram coincides with a P wave or QRS complex on the surface ECG, respectively. The marker channel indicates 


when atrial (AS) or ventricular (VS) sensing occurs. 


sity will be required to reach the threshold for stimulation. 
Electrodes at remote distance from the heart, such as 
transcutaneous electrodes, will require a rather high pulse 
intensity. As such, pacing will be sensed by the patient 
rendering the technique inapplicable in conscious horses. 
There is no available information regarding transoesopha- 
geal pacing in horses, but most likely, the technique is not 
applicable in the conscious horse, due to the larger dis- 
tance between oesophagus and atrium or ventricle com- 
pared to humans. Electrodes in close contact with the 
heart (epicardial or endomyocardial) will require such 
little intensity to achieve consistent capture that stimula- 
tion is not sensed by the patient and this method has been 
most widely applied in equine cardiology. 

During right atrial pacing, electrodes located near the 
phrenic nerve can result in hiccups during atrial pacing, 
especially at higher pacing thresholds. As the nerve cannot 
be easily identified by ultrasonography, testing stimuli 
should be applied at higher strength-duration values to 
determine whether diaphragmatic stimulation occurs, and 
if so, the right atrial electrode must be repositioned. 

The most suitable and safest approach for atrial and 
ventricular pacing in horses utilizes a lead or catheter with 
electrodes on its tip, inserted transvenously and posi- 
tioned in the respective right cardiac chambers, to allow 
stimulation of the endomyocardium.® Due to the close 
contact between electrode and myocardium, a minimal 
amount of energy, usually between 0.5 and 7.5 V and 0.3 
and 1.2 ms, is sufficient to achieve consistent capture. 
Therefore, pacing will not be sensed by the patient. Posi- 
tioning of the electrode is guided by fluoroscopy and 
echocardiography. In addition, the electrode position is 
verified by recording the intracavitary electrogram from 
the lead simultaneously with a surface ECG.° During trans- 


venous insertion of the lead the intracavitary electrogram 
will successively show: (1) no or minimal deflections 
during passage through the vein, (2) a deflection simulta- 
neous with the P wave from the surface ECG during right 
atrial positioning (Fig. 14.2A) and (3) a deflection simul- 
taneous with the QRS complex when located in the right 
ventricle (see Fig. 14.2B). Additionally, electrode position 
is verified by connecting the lead with a pacing device and 
applying testing stimuli of sufficient strength. An intrave- 
nous position will not result in capture, while an atrial or 
ventricular position will produce a P wave or QRS complex, 
respectively. 

Temporary pacing is achieved with a temporary lead or 
catheter that possesses (at least) two closely spaced elec- 
trodes at the tip to obtain bipolar pacing. The lead is 
transvenously inserted and the external part of the lead is 
connected with an external pacing device from which 
pacing rate and pulse strength and duration can be 
adapted. On the other hand, permanent pacing requires 
permanently implanted pacing device (pacemaker) and 
leads. It is crucial for this system that the electrodes remain 
in a secure position. To maintain transvenously inserted 
endocardial electrodes in a stable position, implantable 
leads have a fixation mechanism to preserve endocardial 
contact. Available options are either active fixation leads 
that invade the endomyocardium with a screw or small 
jaw or passive fixation leads that have little tines of fins to 
enhance entanglement in trabeculae of the myocardium. 
In horses, the atrial lead should have active fixation 
because in the large equine right atrium, a passive fixation 
lead is very likely to drop ventrally towards the right ven- 
tricle, resulting in loss of atrial capture. Although it is also 
advisable to use an active fixation lead for the equine 
ventricle, the ventrally located lead tip in the right 
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ventricular apex can remain in position even with a passive 
fixation tip. 


THERAPEUTIC USE OF PACING 


Permanent pacing 


Bradydysrhythmias such as third-degree AV block and sick 
sinus syndrome are the major indications for permanent 
pacing, requiring implantation of an artificial pacemaker.’ 
The pacemaker is a multi-programmable and implantable 
battery-powered pacing device. It is connected with one or 
more leads towards the right atrium or ventricle (single 
chamber pacemaker) or towards both (dual chamber 
pacemaker) to stimulate a specific chamber at a specific 
rate (e.g. 35 bpm) so that symptomatic bradycardia is 
avoided. However, because an intrinsic atrial and/or ven- 
tricular rhythm might still be present, pacemakers have the 
ability to sense this intrinsic rate via the implanted leads 
and can be programmed to respond in a specific way to 
an intrinsic beat. Besides the treatment of bradydysrhyth- 
mias, in humans, pacemaker implantation is also used 
to prevent induction of certain tachydysrhythmias.® 
However, this technique has never been used in horses. 

Pacemaker types are described using a three-letter code, 
with an optional fourth or even fifth letter. The first and 
second position indicate the chamber being paced and 
sensed, respectively: A (atrium), V (ventricle), D (double, 
both) or O (none). Manufacturers occasionally use the S 
to indicate that the device is capable of pacing/sensing 
only a single chamber. The third position denotes the 
reaction of the pacemaker when an intrinsic beat is sensed: 
I (inhibited) when pacing is inhibited by a sensed beat, T 
(triggered) when pacing is triggered, D (dual, both) for a 
dual mode of response, or O (none) when the pacemaker 
does not react on a sensed signal. The fourth position of 
the code may reflect the programmability of the device but 
is most frequently used to indicate that the pacemaker 
incorporates a sensor for rate modulation (R). Such a 
sensor detects changes in pressure, temperature, oxygen 
saturation, ventilation or detects patient activity and is 
capable of adapting the pacing rate towards an upper or 
lower limit. The fifth letter is rarely used and is restricted 
to antitachycardia functions: P (antitachycardia pacing), S 
(direct current shock), D (dual, P+S), or O (none). After 
implantation multiple pacing and sensing parameters can 
be adapted by telemetric (transcutaneous) programming 
of the pacemaker. Telemetric access requires the pace- 
maker to be implanted at a short distance from the skin 
at a location where it does not get damaged or hamper the 
animal to move or lie down. 

Depending on the kind of dysrhythmia, different types 
of pacemakers can be applied. If the cause of bradycardia 
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is a depressed or absent AV node conduction, a “simple”, 
single chamber (ventricular) pacemaker can be implanted. 
When this pacemaker is programmed to the VVI mode, 
with a minimal ventricular rate of, for example, 35 beats 
per minute, syncope will be prevented by preserving this 
minimal heart rate. However, no adaptation of heart rate 
to the physical needs (eg. exercise) will occur. Rate- 
modulation, for example, based upon an activity sensor, 
is achieved with a VVIR pacemaker. However, much more 
efficient in case of a third-degree AV block, is to implant 
a dual chamber pacemaker. Such a pacemaker can be pro- 
grammed to prevent a too slow atrial and ventricular rate 
but also to “look for” (sense) an intrinsic atrial depolarisa- 
tion and to deliver (trigger) a ventricular stimulus for each 
sensed atrial signal, which is achieved in the DDD func- 
tion (Fig. 14.3). As sinus node function in an animal with 
third-degree AV block is usually intact, a fairly normal 
paced ventricular rate, which adapts with stress or exercise, 
can then be obtained. If bradycardia is caused by an 
abnormal sinus node function, adaptation of pacing rate 
with exercise can only be achieved by using a pacemaker 
with an incorporated sensor (e.g. VVIR, DDIR). 

In horses, both epicardial and transvenous lead place- 
ment has been described. The epicardial lead placement 
requires general anaesthesia and thoracotomy, which 
implies a risk, especially in an animal with a compromised 
cardiovascular system.” This method has successfully 
been applied in a healthy pony and in two donkeys with 
third-degree AV block for implantation of a single chamber 
or dual chamber pacemaker.™'>!? The pacemaker device 
was inserted underneath the pectoral muscle or, subcuta- 
neously, caudal to the left elbow. In the donkeys, success- 
ful pacing was obtained for 6 weeks in one and more than 
1 year in the other. During an attempt to place an epicar- 
dial lead in a mature horse with third-degree AV block, the 
horse developed ventricular fibrillation during general 
anaesthesia and died." 

Transvenous lead placement is a much safer and simpler 
procedure to achieve cardiac pacing and is widely used in 
human and small animal medicine. It requires a vein that 
is located relatively close to the heart (maximal lead length 
is around 110 cm), that is large enough to introduce one 
or two leads and that can be ligated permanently. A stand- 
ardized approach has been described to implant a dual 
chamber pacemaker via the cephalic vein. As the whole 
procedure can be performed in the standing, sedated 
horse, the additional risk of anaesthesia can be avoided. 
During the implantation procedure, an atrial and a ven- 
tricular active fixation lead are inserted through a surgi- 
cally exposed cephalic vein. Lead placement is guided by 
both echocardiography and by measuring the electrical 
characteristics of the lead. After permanent ligation of the 
vein a pacemaker pocket is created between the lateral 
pectoral groove and the manubrium sterni. Successful clini- 
cal application of transvenous lead placement was first 
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Figure 14.3 During DDD pacing, every atrial spon 
beat (VP). 


reported by Reef et al., implanting a single chamber 
(ventricular) pacemaker in a horse with third-degree AV 
block. Under general anaesthesia, a passive fixation lead 
was inserted in the jugular vein and placed in the right 
ventricular apex under echocardiographic guidance. The 
pacemaker pocket was created dorsal to the jugular vein. 
Although the horse remained asymptomatic, 16 months 
later, a second lead with active fixation was implanted in 
the right atrium and the pacemaker was updated to a dual 
chamber model, allowing AV sequential pacing of the 
ventricles. Consequently, a physiological rate response to 
exercise and stress occurred. With the dual chamber pace- 
maker the horse was able to perform exercise with a 
maximal achievable heart rate of 150 beats per minute. 
About 3 years after the initial implantation, however, the 
horse suddenly died due to a suppurative endocarditis and 
suspected terminal bacteraemia.'° Implantation of a dual 
chamber rate-adaptive pacemaker has also been used in a 
horse with post-exercise bradycardia and syncope due to 
sinus node dysfunction.” At 7-year follow-up, proper dual 
chamber pacing was still achieved. 


Temporary pacing 


Short-term therapeutic pacing is generally applied as a 
temporary solution for bradydysrhythmias, e.g. prior to 
the implantation of a permanent pacemaker and during 
neonatal cardiopulmonary resuscitation. On rare occa- 
sions, it can also be used to terminate certain tachydys- 
rhythmias. Temporary pacing is achieved with an external, 
temporary pacing device, connected to two electrodes 
(bipolar pacing) which are positioned near the heart, 
usually near the ventricles, in order to accelerate ventricu- 
lar rate. The closer the electrodes are positioned to the 
heart, the smaller the pulse intensity required to elicit a 
ventricular depolarization, and thus the better pacing will 


aneous depolarization is sensed (AS), which triggers a ventricular paced 


be tolerated. Although little information is available in 
equine medicine, transcutaneous and transoesophageal 
pacing are likely to be poorly tolerated in the conscious 
adult horse and therefore only applicable during general 
anaesthesia, but transcutaneous temporary pacing can be 
used successfully in sick, obtunded foals. ( ` SBR) 

A transvenously inserted catheter, electrode or lead 
within the right atrium or right ventricle can directly 
stimulate the endomyocardium, requiring only low pulse 
intensity, and is a safe and effective means to obtain con- 
sistent cardiac pacing. As the pacing stimuli are not sensed 
by the horse the technique can be used without sedation 
or anaesthesia. Temporary transvenous pacing has been 
used in horses with symptomatic bradycardia to avoid 
syncope prior to the permanent implantation of a pace- 
maker.'*!°!”'8 Transvenous temporary pacing has also 
been used to treat transient asystole following electrical 
cardioversion of atrial fibrillation (AF) in a horse.” 

In human beings, temporary pacing is also used to 
terminate tachydysrhythmias such as atrial flutter, AV 
node tachycardia and sustained ventricular tachycardia.’ 
During such a transvenous overdrive pacing procedure, a 
train of electrical pulses is repeatedly given at a fixed rate 
in excess of the basic natural rhythm. The purpose is to 
entrain and interrupt the tachydysrhythmia by depolariz- 
ing regions of the excitable gap of the re-entry cycle.*”° 
This technique has been successfully applied in a horse 
with persistent, medically resistant atrial flutter.” In this 
horse, right atrial pacing at a rate slightly higher (300 ms 
cycle length) than the atrial flutter rate (365 ms cycle 
length) terminated the re-entry phenomenon and re- 
established sinus rhythm. The procedure was performed 
in the standing unsedated horse and was well tolerated. 
However, because overdrive pacing can accelerate tachy- 
cardia and result in fibrillation, the technique is not rec- 
ommended for ventricular tachycardia in horses. 
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NONTHERAPEUTIC USE OF PACING 


Nontherapeutic pacing in horses has been applied to study 
atrial and ventricular electrophysiological properties and 
to investigate the pathophysiology and treatment of 
cardiac dysrhythmias. Short-term or long-term research 
studies have been carried out using temporary pacing or 
permanent pacemaker implantation, respectively. 

Specific pacing protocols can be used to investigate elec- 
trophysiological properties of the heart. Atrial pacing at a 
constant, regular rate documents the ventricular response, 
and thus AV node conduction,” and can be used to 
determine the sinus node recovery time (SNRT), defined 
as the longest time it takes for the first spontaneous P 
wave to occur after termination of atrial pacing.**” 
Because the SNRT largely depends on the basic sinus cycle 
length (BCL), a correction (c) can be made: cSNRT = 
SNRT — BCL. 

Programmed electrical stimulation protocols estimate 
the atrial effective refractory period (AERP) or ventricular 
effective refractory period (VERP). Because the ERP changes 
at different rates, regular atrial (or ventricular) pacing 
(S1-S1) is first started at a specific rate, e.g. 75 stimuli per 
minute representing a pacing cycle length of 800 ms 
(S1-S1 = 800 ms). Subsequently, a premature atrial or 
ventricular stimulus (S2) at two or three times threshold 
is delivered with a coupling (S1-S2) interval shorter than 
the expected refractory period. If stimulation occurs during 
the atrial or ventricular refractory period, “capture” will 
not occur (Figs.14.4A, 14.5A). Subsequently, the S1-S2 
interval is increased in a stepwise manner until S2 pro- 
duces a following P’ or QRS’ complex, i.e. capture occurs 
(see Figs. 14.4B, 14.5B). The longest S1-S2 interval without 
capture is taken as the AERP or VERP. In normal horses 
and ponies, at a basic pacing cycle length of 1000 ms, the 
right AERP is around 200-300 ms?*” and the right VERP 
is around 270-440 ms (G. van Loon, unpublished results). 
Both AERP and VERP display physiological rate adapta- 
tion, whereby the ERP shortens at higher rates. For 
example, at a pacing CL of 500 ms (120 bpm), AERP and 
VERP are 170-300 ms and 220-300 ms, respectively 
(G. van Loon, unpublished results). 

The extrastimulus method, applied during the ERP 
measurement, may result in rapid responses, such as tach- 
ycardia, flutter or fibrillation. The $1-S2 interval at which 
these rapid responses occur indicates the vulnerable 
period. For the atria, this vulnerable period is between 140 
and 420 ms.” In healthy horses, application of the extra- 
stimulus method at different pacing rates in the right 
ventricle did not result in any repetitive responses (G. van 
Loon, unpublished data). 

Atrial pacing at a very rapid rate (e.g. at 20-30 Hz), 
which is called burst pacing, can result in a short-lasting, 
self-terminating episode of AF. In healthy horses such 
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Figure 14.4 During atrial pacing (AP) at a driving cycle 
length (S1-S1) of 800 ms (75 bpm), an extrastimulus (S2) 

at 281 ms does not result in atrial capture (A), while an 
extrastimulus at 289 ms results in capture (B). AERPgoo in this 
horse is 281 ms. 


acutely induced AF will generally last for a few seconds to 
a few hours. Determining the inducibility and duration of 
this short-term AF episode provides information about the 
vulnerability and susceptibility to the arrhythmia.” 
Once an acute episode of AF is initiated, changes in cardiac 
function, such as ventricular response and cardiac output, 
can be studied” and the effect of antiarrhythmic drugs can 
be evaluated.” However, because of major differences 
between acute and chronic AF" long-term pacing models 
have been developed to study chronic AF in horses.” By 
implanting a pacemaker or pulse generator, long-term, 
repetitive burst pacing induces repeated bouts of AF and 
due to remodelling of the atria, a progressive increase in 
AF susceptibility will eventually lead to self-sustained, per- 
sistent AF to create a model for the study of the patho- 
physiology of chronic AF. 


Dysrhythmias: cardiac pacing and electrical cardioversion Chapter | 14 | p= 


A: no ventricular capture 


QRS QRS’ QRS’ 
P| _|QRS 
A 
S 

V V- V V 
5 P P] P S 
800 ms 800 ms 273 ms 
B: ventricular capture 
QRY QRẸ’ QRS’ QRS’ 


P< 
P< 


PP 


< 


800 ms 800 ms 281 ms 


Figure 14.5 Regular ventricular pacing (VP) is performed at 75 bpm (800 ms pacing cycle length). Because an extrastimulus 
does not result in ventricular capture (A) at 273 ms but produces a QRS’ complex when delivered at 281 ms, VERPgoo is 
273 ms. After termination of the test spontaneous P waves and QRS complexes are sensed by the pacing device (AS, VS). 


Burst pacing has also been used to induce ventricular 
fibrillation in horses in order to investigate different 
defibrillation techniques.*** Although rapid ventricular 
pacing is frequently used in human patients and in other 
animal models to determine ventricular vulnerability and 
to investigate potential treatments for ventricular fibrilla- 
tion, no further studies in equine subjects have been per- 
formed because the arrhythmia is generally fatal, whatever 
treatment is used. 


ELECTRICAL DEFIBRILLATION/ 
CARDIOVERSION 


Electrical defibrillation (DF) and electrical cardioversion 
(CV) are techniques to abolish fibrillation and certain 
tachycardias by means of a direct current (DC) electrical 
shock. The term defibrillation is used for the treatment of 
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ventricular fibrillation, where QRS complexes are no 
longer discernible and shock delivery should be performed 
as soon as possible. The term cardioversion is used for all 
other, more “organised” arrhythmias, where QRS com- 
plexes are still present. In these circumstances cardiover- 
sion always has to be synchronized with the R wave to 
avoid shock delivery during the ventricular vulnerable 
period, i.e. near the T wave. Shock delivery during this 
vulnerable period may initiate ventricular tachyarrhyth- 
mias, such as ventricular fibrillation.**** Most defibrilla- 
tors use a surface ECG or an ECG via the defibrillation 
electrodes to detect the R wave of the QRS complex when 
in synchronous mode (Fig. 14.6A). In the text below the 
term DF will be used, unless specifically dealing with CV. 

The electrical discharge, measured in joules (J) or Watt- 
second, is produced by a capacitor discharge from the 
electrical defibrillator. One joule is the amount of energy 
released in one second by a current of 1 ampere through 
a resistance of 1 ohm. In human patients, different wave- 
forms have been used to achieve electrical DE. Historically, 
monophasic waveforms were used and here the electrical 
current flows in one direction, from the positive to nega- 
tive electrode. The most commonly used monophasic 
damped sinusoidal (MDS) wave gradually returns to zero 
current flow (Fig. 14.7A), while the monophasic truncated 
exponential (MTE) wave is terminated before current flow 
reaches zero (see Fig. 14.7B). Monophasic waves, particu- 
larly MDS waves, have a high peak current that can damage 


cardiac tissue or alter automaticity or conduction. Nowa- 
days biphasic defibrillators are established as the wave- 
form of choice because of higher efficacy at lower energy 
levels and lower peak currents. During a biphasic shock, 
the electrical current flows from one electrode to the other 
and then back in the opposite direction. Two main types 
of waveforms are used, the biphasic truncated exponential 
(BTE) (see Fig. 14.7C) and the rectilinear biphasic (RLB) 
wave (see Fig. 14.7D); both have comparable efficacy. 

Although the exact mechanism is not fully understood, 
the underlying principle is that the electrical shock 
traverses the myocardium and causes total depolarization, 
often resulting in an instantaneous conversion of any 
tachydysrhythmia. The electrodes must be positioned so 
that the electrical current traverses as much fibrillating 
tissue as possible. External DF is achieved by placement of 
adhesive electrodes or paddles on the skin, whereas in 
internal DF electrodes are placed directly on the cardiac 
surface (“direct heart”) or are inserted in the cardiac cavi- 
ties, the pulmonary artery or the coronary sinus (e.g. trans- 
venous electrical DF). 

Factors that influence the success of DF include electrical 
resistance and resultant current flow, electrode size, energy 
level, current waveform, body weight, metabolic abnor- 
malities and duration and nature of the arrhythmia.” The 
better the electrical contact with the patient, the less resist- 
ance there will be to discharge and the higher the resultant 
current that flows for a specific shock voltage.** Therefore, 
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Figure 14.6 When operating in synchronous mode, the defibri 


llator displays marks (arrow heads) on each R wave of the 


surface ECG (A). False interpretation of a T wave (arrows) (B) necessitates a change in surface electrode configuration to 
achieve proper R wave detection in this horse with atrial fibrillation. 
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the skin is clipped and electroconductive gel is generously 
applied.” This also explains why internal DF requires 
much lower energy levels. Electrodes should have a large 
surface in order to diminish electrical resistance“ and to 
reduce local peak current. One of the requirements for 
efficient electrode configuration is to encompass most of 
the fibrillating tissue between the electrodes,”"** so the 
electrical current need not pass through poorly conducting 
structures such as air-filled lungs, fat and bone. These 
insulating structures do not need to be crossed during 
internal DE and therefore reduces energy requirements. In 
addition, the air-filled lungs may act as an insulator and 
confine the current to traversing the heart in internal DE” 
Finally, a larger body weight and cardiac size of the patient 
requires higher energy levels to achieve DF*** and this 
factor is clearly relevant in equine patients. Whatever tech- 
nique or electrode position is used, shock delivery of this 
magnitude is too painful to be used in the awake horse 
and always necessitates general anaesthesia. 


The most important risk is when a shock is delivered 
near the T wave, which is the most vulnerable phase of 
the ventricle, and can easily induce ventricular tachyar- 
rhythmias, in particular ventricular fibrillation. Therefore, 
if QRS complexes are still present, the defibrillator should 
be switched to “synchronous mode”. In this mode, the 
device automatically recognizes the QRS complex and 
ensures that the shock is delivered on the R wave of the 
surface ECG (see Fig. 14.6A). However, in horses, extreme 
care should be taken as the large T wave is easily misin- 
terpreted by the defibrillator as an R wave (see Fig. 14.6B) 
which could lead to shock delivery on the T wave. 
In order to avoid this, surface ECG electrodes must 
be repositioned carefully in each patient to achieve 
accurate R wave detection. The device should also be 
activated immediately after a T wave has been observed 
and, therefore, in synchronous mode, it will deliver the 
shock on the next automatically detected complex, i.e. 
the R wave. 
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The most important arrhythmias in equine medicine in 
which a DC shock might be applied are ventricular fibril- 
lation and atrial fibrillation. 


Ventricular fibrillation 


Ventricular fibrillation is a fatal arrhythmia that can be 
encountered in various situations. Although external DF 
is very successful in humans and small animals, it is not 
effective in large animals such as horses. Due to the large 
thorax of horses, the electrodes become further apart, 
thereby increasing the impedance and reducing the current 
flow through the heart. Because horses have a larger heart- 
to-body-weight ratio than other, smaller mammals, a 
larger cardiac mass has to be defibrillated.** In addition, 
the energy requirement for ventricular DF per kilogram of 
body weight in mature horses is much higher than for 
other species and also higher than for foals. For external 
DF in foals, ventricular defibrillation was achieved by 
delivering 1-2 J per kg body weight, using large surface 
paddles, placed on each side of the thorax.** In one report 
of successful DF in two “horses” with experimentally 
induced ventricular fibrillation, body weight was only 277 
and 340 kg, shock electrodes were pre-implanted subcu- 
taneously and the applied monophasic shock energy was 
3500 and 4500 J, corresponding to more than 10 J per kg 
body weight.” Current commercially available defibrilla- 
tors, with a maximal energy level of 360 J, are therefore 
unlikely to be efficacious in mature horses even when 
biphasic shocks are used.“ 

Aiming to reduce impedance and energy requirements, 
“direct heart” DF** has been studied in horses after artifi- 
cial induction of ventricular fibrillation. A successful 
outcome was only achieved in a 140-kg pony delivering 
250 J and 360 J. All attempts to defibrillate larger horses 
were unsuccessful. 


Atrial fibrillation 
(AF) 


Both external and internal CV of atrial fibrillation have 
been described in horses. As in ventricular DF the external 
approach is less likely to be efficient because of higher 
energy requirements. In 1982, Deem and Fregin*® reported 
external, monophasic CV attempts in three horses but all 
horses died. No information about their technique was 
reported. Buchanan reported a CV attempt using a modi- 
fied oesophageal electrode but this was unsuccessful in 
one horse and a second horse developed ventricular fibril- 
lation and died.“ External CV using repeated 200 J bipha- 
sic shocks was successful in one of two cases; the successful 
case was a relatively small horse (393 kg) and CV could 
only be obtained when quinidine sulphate was concur- 
rently administered.“ 
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An internal CV technique, transvenous electrical cardio- 
version (TVEC), is the most efficient approach for electri- 
cal CV of AF in horses. -™ The procedure is performed 
with CV catheters that possess a large-surface electrode, 
positioned near the tip, for shock delivery. The large 
surface is necessary to minimize electrical resistance and 
reduce focal peak current.” The electrodes are positioned 
so as to encompass as much atrial tissue as possible. Mul- 
tiple electrode positions have been reported in human 
patients, including caval vein, right atrium (RA), right ven- 
tricle (RV), pulmonary artery (PA) and coronary sinus. In 
horses, the RA to left PA appears to be the most successful 
combination. Two CV catheters are inserted via the jugular 
vein in the standing horse. This facilitates both catheter 
positioning and reduces anaesthesia duration. Positioning 
of the catheters is guided using a combination of echo- 
cardiography, pressure monitoring and radiography. On 
echocardiography, the catheter appears as a hyperechoic 
linear structure. Pressure is monitored with a fluid-filled 
CV catheter, allowing identification of a typical pressure 
profile when the catheter tip enters the RV or PA. The PA 
catheter is positioned first, approximately 10-20 cm into 
the left PA. Selective catheterization of the left PA is 
obtained by gentle rotation of the catheter once it enters 
the PA (Fig. 14.8). Although the main PA and the right PA 
are easily detected on ultrasound from a right parasternal 
image, only the origin of the left PA itself is visible. Loca- 
tion of the catheter into the left PA is present when the 
visible (main PA) part of the catheter is clearly directed 
towards the origin of the left PA (Fig. 14.9). Catheter loca- 
tion against the vessel wall impedes its visualization. In 
addition, linear artifacts frequently occur in the right PA, 
resembling the structure of a catheter (Fig. 14.10). Echocar- 
diographic imaging of the pulmonary bifurcation from a 


Figure 14.8 On a right parasternal image the catheter 
(arrow heads) enters the main pulmonary artery and the 
catheter tip (arrow) is directed towards the left pulmonary 
artery (I-PA). RA: right atrium; RV: right ventricle; r-PA: right 
pulmonary artery. 
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Figure 14.9 The correctly positioned cardioversion catheter 
(arrow heads) is visible in the main pulmonary artery (PA) 
and is clearly directed towards the left pulmonary artery 
(arrow). The left pulmonary artery itself and the catheter tip 
cannot be seen on ultrasound. RV: right ventricle; r-PA: right 
pulmonary artery. 


Figure 14.10 A hyperechoic, linear artifact (arrow heads) in 
the main (PA) and right (r-PA) pulmonary artery resembles a 
catheter but there is no catheter in the pulmonary artery. 
RA: right atrium; RV: right ventricle; |-PA: origin of the left 
pulmonary artery. 
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Figure 14.11 On a cranial, left parasternal view the pulmonary artery (PA) and the bifurcation towards the left (I-PA) and right 
(r-PA) pulmonary artery are visible (A). When the cardioversion catheter is correctly inserted (B) it is directed towards the left 
pulmonary artery (I-PA), away from the right pulmonary artery (r-PA). 


left cranial window helps to identify the catheter position 
and to confirm the catheter direction towards the left pul- 
monary artery (Fig. 14.11). Utilizing pressure trace moni- 
toring, the second CV catheter is inserted into the RV and 
then slowly pulled back into the RA. Finally, radiography 
is used to confirm the position of the right atrial and PA 
catheters and is critical to ensure that the catheter is not 
malpositioned within the ventricle, but the left and right 
branches of PA cannot be distinguished radiographically. 
As an additional precaution, a third temporary pacing 
catheter may be inserted into the right ventricular apex to 
allow ventricular pacing in case of post-shock asystole,”” 
which has been encountered after 200-360 J monophasic 
shocks. However, because of a lower peak current, this 


arrhythmia is probably less likely to occur with biphasic 
shocks. 

After induction of anaesthesia, catheter positions should 
be confirmed and repositioning performed as necessary. 
To facilitate this repositioning, it can be useful to insert 
the CV catheters deeper into the PA and into RV before 
anaesthesia and subsequently withdraw them after induc- 
tion of anaesthesia. Subsequently, both catheters and a 
surface ECG are connected to a biphasic defibrillator 
which is operated in synchronous mode. Correct R wave 
detection without T wave detection (see Fig. 14.6A) is 
absolutely mandatory to avoid shock delivery on the 
T wave. If the T wave is identified as an R wave (see 
Fig. 14.6B), position of the surface electrodes needs to 
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Figure 14.12 In synchronous mode, the defibrillator correctly detects R waves on 
delivery. A single shock of 125 J (arrow), with an impedance of 49, converts atrial fibrillation (f waves) 


be adapted. CV is started at 50 J and increased in a step- 
wise manner until CV is achieved™™” (Fig. 14.12). Shocks 
up to 360 J have been used without adverse effects but 
nevertheless the total delivered energy should be mini- 
mized. Excessive currents can have detrimental effects on 
the heart including post-shock arrhythmias, conduction 
disturbances, myocardial dysfunction and myocardial 
necrosis.” Furthermore, it has been postulated that 
cardiovascular structures might be injured by the sudden 
increase in intracardiac pressure that might develop when 
a high-energy internal shock is delivered.” Mean energy 
requirement for CV of AF in horses has been reported to 
be around 160 J or 0.35 J per kg body weight” with an 
impedance around 30-50. If the procedure is initially 
unsuccessful, shock delivery following catheter reposition- 
ing will sometimes result in CV. 

Immediately following CV in human patients, the 
electrically remodelled atria are highly vulnerable to 
immediate recurrence of AF (IRAF) usually induced by 


REFERENCES 


he surface ECG (arrow heads) for shock 
o sinus rhythm. 


atrial premature depolarizations.” Similarly, in horses, 
electrical remodelling occurs with chronic AF and 
atrial premature depolarizations and IRAF have been 
observed immediately after electrical CV." Protocols 
combining pharmacological and electrical interventions 
have not yet been fully explored in horses but in order to 
reduce IRAF pretreatment with an antiarrhythmic drug 
such as amiodarone has therefore been suggested.” 
In addition, after CV, catheters should be removed 
carefully and after an empirical 5- to 10-minute delay to 
reduce IRAF. 

Apart from an occasional mild post-anaesthetic myopa- 
thy, the technique is safe and does not result in an increase 
in serum activities of cardiac enzymes. TVEC has been 
shown to be effective in 98% of lone AF horses.” Although 
data are currently lacking, recurrence rate is probably 
independent of the treatment technique and therefore is 
likely to be similar to that reported for pharmacological 
CV of AF. 


1. 


190 


Trautwein W. Electrophysiological 
aspects of cardiac stimulation. 

In: Schaldach M, Furman S, 
editors. Advances in Pacemaker 


Technology. Berlin: Springer; 1975. 


p. 11-23. 

van Loon G, Laevens H, Deprez P. 
Temporary transvenous atrial 
pacing in horses: threshold 
determination. Equine Vet J 
2001;33:290-295. 

Lapicque L. Considerations 
préalables sur la nature du 
phénomène par lequel l'électricité 
excite les nerfs. J Physiol Pathol 
Gener 1907;565-578. 

Fishler MG, Thakor NV. A 
computer model study of the 
ventricular fibrillation vulnerable 
window: sensitivity to regional 


conduction depressions. Ann. 
Biomed Eng 1994;22:610-621. 
Furman S, Hurzeler P, Mehra R. 
Cardiac Pacing and pacemakers.4. 
Threshold of cardiac stimulation. 
Am Heart J 1977;94:115-124. 

van Loon G, Fonteyne W, Rottiers 
H, Tavernier R, Jordaens L, D'Hont 
L, et al. Dual chamber pacemaker 
implantation via the cephalic vein 
in healthy equids. J Vet Intern Med 
2001a;15, 564-571. 

Barold SS, Zipes D. Cardiac 
pacemakers and antiarrhythmic 
devices. In: Braunwald E, editor. 
Heart Disease, 4th ed. 
Philadelphia, PA: WB Saunders; 
1992. p. 726-755. 

Osborn MJ. Pacing: antitachycardia 
devices. In: Guiliani R, Gersh BJ, 


10. 


11. 


12. 


McGoon MD, Hayes DL, Schaff 
HV, editors. Mayo Clinic Practice 
of Cardiology, 3rd ed. St. Louis: 
Mosby; 1996. p. 977-1016. 
Bonagura JD, Helphrey ML, Muir 
WW. Complications associated 
with permanent pacemaker 
implantation in the dog. J Am Vet 
Med Assoc 1983;182:149-155. 
Tilley LP. Essentials of Canine and 
Feline Electrocardiography, 3rd ed. 
Philadelphia: Lea & Febiger; 
1992:1-470. 

Berg F, Weber, Pfanzelt S, Wenzl J, 
Oeppert G. Use of an internal 
pacemaker in a donkey with the 
Adams-Stokes syndrome. Tierarztl 
Umsch 1973;28:616-618. 

Le Nihouannen JC, Sevestre J, 
Dorso Y, Petit JC, Ozoux C. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21: 


22. 


Dysrhythmias: cardiac pacing and electrical cardioversion Chapter |14| i 


33. 


Implantation of a cardiac 
pacemaker into horses. II. 
Postoperative monitoring of a 
pacemaker with epicardial and 
myocardial electrodes in a pony. 
Revue de Médecine Vétérinaire 
1984;135:165-168. 

Pibarot P, Vrins A, Salmon Y, 
Difruscia R. Implantation of a 
programmable atrioventricular 
pacemaker in a donkey with 
complete atrioventricular block 
and syncope. Equine Vet J 
1993;25:248-251. 

Brown CM. ECG of the month. J 
Am Vet Med Assoc 1979;175: 
1076-1077. 

Reef VB, Clark ES, Oliver JA, 
Donawick WJ. Implantation of a 
permanent transvenous pacing 
catheter in a horse with complete 
heart block and syncope. J Am Vet 
Med Assoc 1986;189:449-452. 
Hamir AN, Reef VB. Complications 
of a permanent transvenous pacing 
catheter in a horse. J Comp Pathol 
1989;101:317-326. 

van Loon G, Fonteyne W, Rottiers 
H, Tavernier R, Deprez P. 
Implantation of a dual-chamber, 
rate-adaptive pacemaker in a horse 
with suspected sick sinus 
syndrome. Vet Rec 2002;151: 
541-545. 

Taylor DH, Mero MA. The use of 
an internal pacemaker in a horse 
with Adams-Stokes syndrome. 

J Am Vet Med Assoc 1967;151: 
1172-1176. 

van Loon G, De Clercq D, 
Tavernier R, Amory H, Deprez P. 
Transient complete atrioventricular 
block following transvenous 
electrical cardioversion of atrial 
fibrillation in a horse. Vet J 
2005;170:124-127. 

Kantharia BK, Mookherjee S. 
Clinical utility and the predictors 
of outcome of overdrive 
transesophageal atrial pacing in the 
treatment of atrial flutter. Am J 
Cardiol 1995;76:144-147. 

van Loon G, Jordaens L, Muylle E, 
Nollet H, Sustronck B. Intracardiac 
overdrive pacing as a treatment of 
atrial flutter in a horse. Vet Rec 
1998;142:301-303. 

Yamaya Y, Kubo K, Amada A. 
Relationship between 
atrioventricular conduction and 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


hemodynamics during atrial pacing 
in horses. J Equine Sci 1997;59: 
149-151. 

Yamaya Y, Kubo K, Amada A, 

Sato K. Intrinsic atrioventricular 
conductive function in horses with 
a second degree atrioventricular 
block. J Vet Med Sci 1997;59: 
149-151. 

Schwarzwald CC, Hamlin RL, 
Bonagura JD, Nishijima Y, 
Meadows C, Carnes CA. Atrial, 

SA nodal, and AV nodal 
electrophysiology in standing 
horses: normal findings and 
electrophysiologic effects of 
quinidine and diltiazem. J Vet 
Intern Med 2007;21:166-175. 

van Loon G, Duytschaever M, 
Tavernier R, Fonteyne W, Jordaens 
L, Deprez P. An equine model of 
chronic atrial fibrillation: 
methodology. Vet J 2002;164: 
142-150. 

Senta T, Kubo K. Experimental 
induction of atrial fibrillation by 
electrical stimulation in the horse. 
Exp Rep Equine Hlth Lab 1978;15: 
37-46. 

Moore EN, Spear JF. 
Electrophysiological studies on 
atrial fibrillation. Heart Vessels 
Suppl 1987;2:32-39. 

Senta T, Kubo K, Sugimoto O, 
Amada A. Induction of atrial 
fibrillation by electrical stimulation 
in the horse. Exp Rep Equine Hlth 
Lab 1975;12:109-112. 

Kubo K, Senta T, Sugimoto O. 
Changes in cardiac output with 
experimentally induced atrial 
fibrillation in the horse. Exp Rep 
Equine Hlth Lab 1975;12:101-108. 
Ohmura H, Nukada T, Mizuno Y, 
Yamaya Y, Nakayama T, Amada A. 
Safe and efficacious dosage of 
flecainide acetate for treating 
equine atrial fibrillation. J Vet Med 
Sci 2000;62:711-715. 

van Loon G, Blissitt KJ, Keen JA, 
Young LE. Use of intravenous 
flecainide in horses with naturally- 
occurring atrial fibrillation. Equine 
Vet J 2004;36:609-615. 

van Loon G, Tavernier R, 
Duytschaever M, Fonteyne W, 
Deprez P, Jordaens L. Pacing 
induced sustained atrial fibrillation 
in a pony. Can J Vet Res 2000;64: 
254-258. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


Geddes LA, Tacker WA, Rosborough 
JP, Moore AG, Cabler PS. Electrical 
dose for ventricular defibrillation 
of large and small animals using 
precordial electrodes. J Clin Invest 
1974;53: 

310-319. 

Witzel DA, Geddes LA, Hoff HE, 
McFarlane J. Electrical defibrillation 
of the equine heart. Am J Vet Res 
1968;29:1279-1285. 

Mazer CD, Greene MB, Misale PS, 
Newman D, Dorian P. 
Transcutaneous T wave shock: a 
universal method for ventricular 
fibrillation induction. Pacing Clin 
Electrophysiol 1997;20:2930- 
2935. 

Sokoloski MC, Ayers GM, Kumagai 
K, Khrestian CM, Niwano S, Waldo 
AL. Safety of transvenous atrial 
defibrillation: studies in the canine 
sterile pericarditis model. 
Circulation 1997;96:1343-1350. 
Tilley LP. Special methods 

for treating arrhythmias: 
cardiopulmonary arrest and 
resuscitation, pacemaker therapy. 
In: Tilley LP, editor. Essentials 

of Canine and Feline 
Electrocardiography, 3rd ed. 
Philadelphia: Lea & Febiger; 1992. 
p. 365-382. 

Kenknight BH, Eyuboglu BM, 
Ideker RE. Impedance to 
defibrillation countershock: does 
an optimal impedance exist. 
Pace-Pacing Clin Electrophysiol 
1995;18:2068-2087. 

Pascoe PJ. Emergency care 
medicine. In: Short CE, editor. 
Principles and Practice of 
Veterinary Anesthesia. Baltimore: 
William & Wilkins; 1987. 

p. 581-582. 

Benditt DG, Dunbar D, Fetter J, 

et al. Low-energy transvenous 
cardioversion defibrillation of atrial 
tachyarrhythmias in the canine: 

an assessment of electrode 
configurations and monophasic 
pulse sequencing. Am Heart J 
1994;127:994-1003. 

Cooper RA, Alferness CA, Smith 
WM, Ideker RE. Internal 
cardioversion of atrial fibrillation 
in sheep. Circulation 1993;87: 
1673-1686. 

Ideker RE, Wolf PD, Alferness C, 
Krassowska W, Smith WM. Current 


191 


=| Cardiology of the horse 


43. 


44. 


45. 


46. 


192 


concepts for selecting the location, 
size and shape of defibrillation 
electrodes. Pace-Pacing Clin 
Electrophysiol 1991;14:227. 
Geddes LA, Tacker WA, Rosborough 
J, Moore AG, Cabler P, Bailey M, et 
al. The electrical dose for 
ventricular defibrillation with 
electrodes applied directly to the 
heart. J Thorac Cardiovasc Surg 
1974;68:593-602. 

Webb AI. Neonatal resuscitation. 
In: Drummond AM, Kosch WH, 
editors. Equine Clinical 
Neonatology. Philadelphia: Lea & 
Febiger; 1990. p. 136-150. 

Mair TS, Love S, Schumacher J, 
Watson E. Cardiovascular system. 
In: Mair TS, Love S, Schumacher J, 
Watson E, editors. Equine 
Medicine, Surgery and 
Reproduction. London: WB 
Saunders; 1998. p. 138-155. 
Deem DA, Fregin GF. Atrial 
fibrillation in horses: a review 

of 106 clinical cases, with 
consideration of prevalence, 
clinical signs, and prognosis. 

J Am Vet Med Assoc 1982;180:261- 
265. 


47. 


48. 


49. 


50. 


51. 


52. 


Buchanan JW. Commends 
successful use of electrical 
cardioversion in a horse. J Am Vet 
Med Assoc 2002;220:1777. 

Frye MA, Selders CG, Mama KR, 
Wagner AE, Bright JM. Use of 
biphasic electrical cardioversion for 
treatment of idiopathic atrial 
fibrillation in two horses. J Am Vet 
Med Assoc 2002;220(7):1039- 
1045, 1007. 

Bellei MHM, Kerr C, McGurrin 
MKJ, Kenney DG, Physick-Sheard 
P. Management and complications 
of anesthesia for transvenous 
electrical cardioversion of atrial 
fibrillation in horses: 62 cases 
(2002-2006). J Am Vety Med 
Assoc 2007;231:1225-1230. 
McGurrin MKJ, Physick-Sheard PW, 
Kenney DG. How to perform 
transvenous electrical cardioversion 
in horses with atrial fibrillation. 

J Vet Cardiol 2005;7:109-119. 

van Loon G. Atrial Pacing and 
Experimental Atrial Fibrillation in 
Equines, PhD thesis, Ghent 
University, Merelbeke, 2001. 
Kalman JM, Power JM, Chen JM, 
Farish SJ, Tonkin AM. Importance 


53. 


54. 


55. 


56. 


of electrode design, lead 
configuration and impedance 

for successful low energy 
transcatheter atrial defibrillation in 
dogs. J Am Coll Cardiol 1993;22: 
1199-1206. 

De Clercq D, van Loon G, 
Schauvliege ST. Transvenous 
electrical cardioversion of atrial 
fibrillation in six horses using 
custom made cardioversion 
catheters. Vet J. Published Online 
First: doi:10.1016/j. 
tvjl.2007.1008.1019. 

Geddes LA, Tacker WA Jr. 
Ventricular fibrillation and 
defibrillation. Aust Phys Eng Sci 
Med 1983;6:9-19. 

Mansourati J, Larlet JM, Salaun G, 
Maheu B, Blanc JJ. Safety of high 
energy internal cardioversion for 
atrial fibrillation. Pacing Clin 
Electrophysiol 1997;20:1919- 
1923. 

Duytschaever M, Danse P, Allessie 
M. Supervulnerable phase 
immediately after termination 

of atrial fibrillation. J Cardiovasc 
Electrophysiol 2002;13:267- 

275. 


Chapter 


15 | 


Cardiac murmurs: congenital heart disease 


Celia M Marr 


CHAPTER CONTENTS 


Prevalence of congenital cardiac disease 193 
Normal and abnormal development of 

the heart 193 
Adaptation from fetal to neonatal 

circulation 194 
Clinical assessment of the cardiovascular 
system in foals 195 
Specific congenital cardiac defects 196 
Other congenital cardiac disease 202 


PREVALENCE OF CONGENITAL 
CARDIAC DISEASE 


Congenital cardiac defects are relatively uncommon in 
horses: estimates derived from pathological surveys of 
foals and fetuses suggest that 0.7-0.8%'” that undergo 
post mortem examination for any reason have congenital 
cardiac disease while in the largest survey of equine con- 
genital disease that has been performed to date examining 
608 deformed fetuses and foals, 3.6% of all congenital 
organ defects were cardiac.* In a survey of the author's 
clinical population from 1993 to 1998, congenital defects 
were detected in 3.4% of 380 horses presented for cardio- 
logical investigation (Marr, unpublished data). Some 
defects are fatal before or immediately after birth and 
congenital cardiac defects are of particular importance in 
foals and young horses with loud cardiac murmurs. 
However, some defects (for example, small ventricular 
septal defects (VSD)) may not become clinically apparent 
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until the horse is required to perform athletic activities or 
may even be incidental findings in older horses.* Congeni- 
tal cardiac defects can be classified as simple or complex. 
Cases with simple congenital cardiac defects greatly out- 
number those with complex defects: in one survey 20 of 
32 cases were classified as simple (VSD 11 cases, atrial 
septal defect 5 cases, patent ductus arteriosus 4 cases).’ 
Congenital cardiac defects appear to be more common in 
certain breeds, notably Arabs, Standardbreds* and Welsh 
Mountain ponies. It is likely that there are genetic factors 
that lead to the development of these defects but these 
are poorly understood in human beings and totally 
unexplored in the horse. Congenital cardiac disease is 
best considered in light of the embryological process that 
leads to their development. 


NORMAL AND ABNORMAL 
DEVELOPMENT OF THE HEART 


The primoirda of the heart begin as clusters of paired sym- 
metrical mesenchymal cells that fuse into a straight tube 
in which the segments are arranged as follows: atria, prim- 
itive ventricle, bulbus cordis, conus and truncus. The tube 
becomes hollow and through differential growth charac- 
teristics the different segments expand. Very early in devel- 
opment, the heart adopts “sidedness” and proceeds to a 
pattern of asymmetrical growth. Abnormalities at this 
stage lead to conditions such as situs inversus where the 
entire body is reversed from left to right, a condition 
that has been reported in the horse.”* Next, a process of 
cardiac looping occurs and the bulbus cordis migrates 
relative to the ventricle to take up the positions that will 
eventually form the right (RV) and left (LV) ventricles. 
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Developmental abnormalities at this stage can lead to a 
variety of malformations in which the ventricles fail to 
adopt their normal side-by-side pattern.’ 

The early looped cardiac tube has a single inlet, the 
common atrioventricular (AV) canal and a single outlet, 
the bulboventricular defect (i.e. the opening between the 
ventricle and the bulbus cordis) and on into the trunco- 
conal tube. Septation of the right (RA) and left atria (LA) 
involves ingrowths from several areas. The septum primum 
grows to meet outgrowths of the AV cushions and later the 
septum secondum arises near the common sinus venosus. 
The foramen ovale is left as a communication between the 
two atria throughout fetal life. Developmental abnormali- 
ties at this stage can lead to atrial septal defects (ASD) 
which are classifed as: (1) ostium primum ASD that is due 
to lack of fusion of the two medial AV cushions; (2) fossa 
ovalis defect that results from the resorption of the septum 
primum and must be distinguished from persistence of 
the patent foramen ovale that is a normal variant; and (3) 
sinus venosus ASD that is due to lack of formation or 
resorption of the septum secundum.’ 

Simultaneously, the AV canals remodel to align the left 
and right AV canals with their respective ventricles and 
ventricular septation ensues.” Septation of the ventricles 
is completed in the horse embryo by the 36th to 38th 
day." This occurs through the convergence and fusion 
of five different components: the primitive ventricular 
septum, the cranial and caudal AV cushions and the 
dextro-dorsal and sinistro-ventral conal ridges. During this 
process the AV valves are formed. Failure at this stage can 
lead to common ventricle that is due to absence of both 
the primitive ventricular septum and AV cushions or, more 
commonly, a range of ventricular septal defects (VSD) are 
possible and relate to failure of individual components. 
Membranous or perimembranous VSD are due to inade- 
quacy of any of the five components. This VSD is located 
in the LV outflow tract just between the aortic valve and 
is the commonest form of VSD in the horse*!>"® and the 
most common form of simple congenital cardiac defect. 
Supracristal or conal VSD is located in the RV outflow 
tract, just below the right coronary cusp of the aortic valve. 
This form occurs occasionally in horses. AV canal defects 
are the most complex and a range of abnormalities is pos- 
sible. This VSD is caused by failure of the uppermost part 
of the septum to develop due to lack of the medial AV 
cushion and can also affect formation of the AV valves. 
The muscular VSD, which is the second commonest form 
in the horse,“ is due to one or more defect in the primi- 
tive ventricular septum. These defects can occur in any part 
of the muscular septum. ( CCD, VSD) 

The formation of the aortic and pulmonary trunks is 
achieved by truncoconal septation: ridges form within 
either side of the truncus and grow inwards as the truncus 
spirals to create the aortic and pulmonary trunks. Cush- 
ions at the base of the truncus form the aortic and pulmo- 
nary valves. Septation and spiralling of the conus leads to 


194 


the formation of the muscular, cranially located RV 
outflow tract and the shorter, fibrous LV outflow tract. ™* 
Abnormal truncoconal septation and spiralling can lead 
to a wide range of malformations’ of which the most com- 
monly reported in the horse is Tetralogy of Fallot.'*” 
Thus, it appears that conotruncal developmental abnor- 
malities account for the majority of complex congenital 
cardiac defects in horses. 


ADAPTATION FROM FETAL TO 
NEONATAL CIRCULATION 


The fetal circulation is adapted to direct oxygenated blood 
entering the RA via the caudal vena cava towards the left 
side from where it can supply the body and to divert some 
of the RV output away from the noninflated lung. In the 
neonatal period, these processes must be reversed to adapt 
to extrauterine life. In the fetus, the foramen ovale is a 
tube-like flap of tissue, with fenestrations at its distal end, 
which extends from the RA near the aperture in the caudal 
vena cava to the lumen of the LA. Oxygenated blood from 
the placenta, returning to the RA from the caudal vena 
cava, passes though the foramen ovale to the LA, and then 
leaves the left heart via the aorta to preferentially supply 
the brain. Flow can be visualized through the foramen 
ovale in some foals for several weeks after birth (Fig. 15.1) 
and obliteration of the foramen ovale takes place during 
the first few weeks of life.” The fetal uninflated lung has 
high vascular resistance and a proportion of blood leaving 
the pulmonary artery (PA) bypasses the lung, by flowing 
through the ductus arteriosus into the aorta. When the 


Figure 15.1 A right parasternal long-axis colour Doppler 
echocardiogram of the ventricles from a 12-week-old 
Thoroughbred foal. Blood flow is visible within the foramen 
ovale (arrow) towards the right ventricle (RV). RA, right 
atrium; LV, left ventricle; LA, left atrium. FO, foramen ovale. 
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Figure 15.2 A right parasternal oblique long-axis colour 
Doppler echocardiogram of the aorta (Ao) and pulmonary 
artery (PA) from a healthy 3-day-old pony foal. Blood is 
flowing through the ductus arteriosus (arrows) from the 
descending Ao to the PA. RA, right atrium. 


lungs inflate after birth, the resistance in the pulmonary 
circulation falls and the ductus begins to close in response 
to increasing arterial oxygen tension. Flow within the 
ductus arteriosus creates a machinery murmur high and 
cranially over the left heart base that usually disappears 
within the first few days of life and with Doppler echocar- 
diography, ductal flow can be visualized in some foals of 
the same age (Fig 15.2). Ductal closure is initially physi- 
ological, due to constriction of the vessels, and subse- 
quently becomes anatomical as closure with muscular 
elements occurs.?*** Perinatal hypoxia can delay or 
even reverse ductal closure, leading to persistent fetal 
circulation. 


CLINICAL ASSESSMENT OF 
THE CARDIOVASCULAR SYSTEM 
IN FOALS 


While congenital cardiac defects are rare, cardiac murmurs 
are extremely common in foals and the majority are 
physiological rather than pathological in nature. Ninety 
per cent of newborn Thoroughbred foals have continuous 
murmurs over the left cardiac base, consistent with flow 
in the ductus arteriosus during the first 15 minutes of 
life.” The majority of continuous murmurs have disap- 
peared by 80 hours of age.” On the first day of life, 5 of 
10 pony foals were found to have continuous murmurs 
and the remainder had systolic murmurs.”° The continu- 
ous murmurs were not detected after 3 days of age, while 
systolic murmurs were more persistent, still detectable in 
two foals at 7 weeks of age. In that study, colour flow 


Doppler echocardiography revealed that flow was fre- 
quently detected in the ductus arteriosus in the absence of 
continuous murmurs. Attempts to correlate the presence 
or absence of a systolic murmur with flow within the 
ductus arteriosus and foramen ovale revealed no con- 
sistent relationships.” This suggests that some systolic 
murmurs found over the left heart base in foals can be 
attributed to left ventricular ejection, as in adult horses. 

Dysrhythmias are also common in the newborn foal. 
In one study, 96% of Thoroughbred foals had arrhyth- 
mias immediately after birth and these included atrial 
fibrillation (15/50), supraventricular tachycardia (3/50), 
ventricular premature depolarizations (10/50), ventricular 
tachycardia (4/50), idioventricular rhythm (1/50) and 
second-degree atrioventricular block (7/50). However, all 
of these neonatal dysrhythmias had disappeared within 
15 minutes of birth and were attributed to high vagal tone 
and hypoxia.” 

Cardiac disease should be suspected in foals with loud, 
widely radiating murmurs, particularly if they are associ- 
ated with a precordial thrill. Foals may be stunted or 
fail to gain weight and have other, more specific signs 
of cardiovascular disease, such as dependent oedema, 
jugular distension and pulsation, pleural effusion, ascites, 
weakness and collapse. 

Conventional means of clinical assessment of the car- 
diovascular system in foals include blood pressure 
measurement, electrocardiography,** radiography” and 
echocardiography***”*? (see Chapter 9). In addition to 
lateral thoracic radiographs, in the smaller foals it may be 
possible to perform both dorsoventral thoracic radio- 
graphs, greatly adding to their diagnostic value. Radiogra- 
phy is less sensitive than echocardiography in estimating 
heart size, but large changes in cardiac dimensions may 
be apparent and, with left-to-right shunting, overcircula- 
tion of the pulmonary vasculature may be present (Fig. 
15.3). Their smaller body size also makes angiography a 
feasible technique in foals and this is particularly useful 
in the demonstration of intra- and extracardiac shunts.***° 
Cardiac catheterization allows pressure and oxygen 
tensions to be measured within various chambers to 
document intracardiac shunting.” However, as these 
are invasive procedures, both cardiac catheterization 
and angiography are now used less extensively than 
echocardiography, which has the great benefit of being 


noninvasive.***°-*? Nuclear angiography is an alternative 
noninvasive means of demonstrating left-to-right 
shunts.**? 


The echocardiographic examination should begin with 
a systematic evaluation of each cardiac structure individu- 
ally to determine its position in relation to other 
structures,™?? and a more detailed description of the 
echocardiographic approach to congenital cardiac defects 
is given in Chapter 9. Spectral and colour Doppler echo- 
cardiography can be used to identify intra- or extracardiac 
shunts while contrast echocardiography is particularly 


195 


=| Cardiology of the horse 


o 


Figure 15.3 Lateral (A) and dorsoventral (B) radiographs of the thorax from a 6-week-old Thoroughbred with a large VSD. 
(A) There is marked cardiomegaly with tracheal elevation and overcirculation of the pulmonary vessels produces a pronounced 
vascular pattern. (B) The dorsoventral projection confirms biventricular enlargement. 


applicable in congenital cardiac disease.*°*' This involves 
the administration of a microbubble-laden solution via 
the jugular vein, rendering the blood echogenic and allow- 
ing the path of blood flow to be demonstrated. A suitable 
solution can be made by mixing equal volumes of the 
patient's blood and saline with a small volume of air. 
More contrast is achieved by holding off the jugular veins 
during administration and then releasing all the contrast, 
once injection is complete. With right-to-left shunting, 
bubbles can be seen entering the left side of the circula- 
tion. With left-to-right shunting, or lesions such as intact 
aortic aneurysms, a negative contrast effect is observed as 
anechoic blood is visible within an echogenic chamber. 
(ACF CCD, VSD) 


SPECIFIC CONGENITAL 
CARDIAC DEFECTS 


Ventricular septal defect 
( VSD) 


The VSD is the commonest congenital cardiac defect in 
horses*!?-153742-44. In the author's clinical population; 
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simple VSDs are diagnosed approximately six times more 
often than any other congenital cardiac defect. VSDs are 
also frequently a component of complex defects.t?? 44345-4 
VSDs have been documented in a wide variety of breeds. 
The lesion is particularly common in Welsh Mountain 
ponies. Welsh Section A ponies are many times more 
likely to have a VSD than Thoroughbreds (relative risk: 
27.4, 6.16-122.01, P < 0.0000). Four per cent of 200 
Welsh Mountain ponies had cardiac murmurs consistent 
with VSD in an auscultatory survey (H. Whishart and 
C. M. Marr, unpublished data). 

VSDs are usually located in the membranous (nonmus- 
cular) portion of the septum in the left ventricular outflow 
tract (subaortic) immediately below the right coronary 
cusp of the aortic valve and the tricuspid valve*'*"* (Figs. 
15.4-15.6). In this location, defects are usually single but 
can be fenestrated (Fig. 15.7). Less commonly, defects are 
found in the right ventricular outflow tract (subpulmonic) 
and the perimembranous or muscular portions of the 
septum where they may be single, multiple or fenes- 
trated.’“’> Defects may also be present in more than one 
location. In the left ventricular outflow tract, larger defects 
can lead to moderate to severe aortic insufficiency as the 
cusps of the aortic valve are sucked into the defect (see Fig. 
15.6) and, ultimately, may rupture.** The shunt direction 
is usually left to right with simple VSDs; however, with 
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additional lesions, such as bicuspid pulmonary valve, 
bidirectional shunting may exist.** 

The VSD is usually associated with at least two murmurs 
(see Chapter 8). The shunt itself causes a loud, pansysto- 
lic band-shaped or coarse murmur with its point of 
maximal intensity over the right fourth intercostal space. 
There is often also a murmur of relative pulmonic steno- 


Ao 


Figure 15.4 A post-mortem specimen from an 8-month-old 
Thoroughbred colt with a large membranous ventricular 
septal defect (VSD) below the aortic valve. Ao, aorta. 


sis.’ The right ventricular outflow tract is anatomically 
normal but, because of the increased volume of blood 
leaving the right ventricle, a loud holosystolic crescendo- 
decrescendo murmur is auscultated over the pulmonary 
valve area in the left third intercostal space. This murmur 
of relative pulmonic stenosis is typically at least one 
grade less than the VSD murmur. If there is concurrent 
aortic regurgitation, a holodiastolic decrescendo murmur 
will be present over the aortic valve area in the left fourth 
intercostal space.”” 

The integrity of the septum is assessed with two- 
dimensional echocardiography.* A membranous VSD is 
typically best visualized in an image of the left ventricular 
outflow tract (see Figs. 15.5, 15.6). The defect should 
be measured in two mutually perpendicular planes to 
determine its maximal diameter. Colour flow Doppler 
echocardiography demonstrates the intracardiac shunt 
and is particularly helpful in identifying small VSDs (Fig. 
15.8). Usually, when the VSD is visualized from the right 
side the shunt is depicted in red and orange as it approaches 
the defect and then aliases to shades of blue due to the 
high velocities of blood flow in the VSD (see Fig. 15.8). 
Continuous wave Doppler echocardiography is used to 
document the maximal velocity of the intracardiac shunt. 
The maximal shunt velocity reflects the pressure difference 
between the left and right ventricles. If the right ventricular 
pressure rises, the pressure difference will fall and there- 
fore the shunt velocity will be low. The echocardiogram 
should also be assessed for signs of left ventricular volume 
overload, dilatation of the left ventricle, rounding of the 
apex, right ventricular hypertrophy and dilatation, and 
concurrent valvular insufficiency. 


Figure 15.5 Right parasternal long-axis (A) and short-axis (B) echocardiograms of the left ventricular outflow tract (LVOT) 
from a 6-year-old Welsh mountain pony with no signs of exercise intolerance in which a membranous VSD (arrows) was 
detected during a routine physical examination. The defect is 1.37 cm in long axis and 1.17 cm in short axis. The diameter of 
the aorta (Ao) is 4.6 cm, giving a VSD:Ao ratio of 0.29. RV, right ventricle; PA, pulmonary artery; LVOT, left ventricular 
outflow tract; LA, left atrium. 
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Figure 15.6 Right parasternal long-axis (A) and short-axis (B) echocardiograms of the left ventricular outflow tract from a 
yearling Welsh mountain pony with stunting and exercise intolerance and a membranous VSD (between arrows). The right 
coronary cusp (RCC) of the aortic valve is prolapsing into the defect, leading to aortic insufficiency. The VSD measures 1.26 by 
1.72 cm and the aorta (Ao) measures 3.87 cm, giving a VSD:Ao ratio of 0.44. RV, right ventricle; RA, right atrium; LA, left 
atrium; PA, pulmonary artery. 


Figure 15.7 Post-mortem specimens from a 16-year-old Thoroughbred mare with a VSD. The VSD was first identified at birth 
but the mare had only developed signs of acute heart failure concurrently with the onset of a ventricular tachycardia 24 hours 
prior to euthanasia. A small VSD is visible (A), which when it is held apart can be seen to consist of a series of fenestrations 
(B). The chordae tendineae of the tricuspid valve 
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Figure 15.7 Continued (C) are thickened and are contributing to the series of channels. (D) There are large areas of pale 
tissue within the ventricular wall representing myocardial fibrosis that will have contributed to the cardiac arrhythmia and 


decompensation. 


Figure 15.8 Right parasternal oblique long-axis (A) and short-axis (B) colour flow Doppler echocardiograms of the left 
ventricular outflow tract (LVOT) from a yearling Welsh mountain pony with stunting and exercise intolerance and a large 
membranous VSD. Blood in the LVOT flowing towards the defect is encoded in red and yellow; as its velocity increases it 
aliases to blue. Within the defect and the right ventricular outflow tract green indicates turbulence. RV, right ventricle; 
RVOT, right ventricular outflow tract; Ao, aorta. 


There is one report of surgical correction of a VSD 
with the assistance of extracorporeal circulation.*’ A more 
straightforward approach might be to use transvenous 
patch closure devices designed for use in human beings. 
However, these are primarily designed for closure of mus- 
cular defects and require a rim of tissue around the defect 
into which the device is embedded; therefore, due to the 
high prevalence of membranous defects, many equine 
cases are unlikely to be suitable candidates and there are 
no published reports of successful closure of equine VSD 
using such devices currently. The athletic capability of 


horses with VSD has been reported in 27 horses of 
a variety of breeds. Eight of 13 Standardbreds were 
successful racehorses, 5 of 11 horses of other breeds were 
successful to some degree at showing. The two racing 
Thoroughbreds included in the study both raced at low 
levels.’ In another study, in 4 of 10 cases of VSD, it was 
an incidental finding in three ponies and one mixed 
breed horse used for light hacking; three had exercise 
intolerance, the youngest being 6 months of age at the 
time of diagnosis. Two Thoroughbreds had large VSDs 
with severe exercise intolerance in one broodmare and 
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congestive heart failure in one filly of 18 months of age 
(H. Whishart and C. M. Marr, unpublished data). There 
were no Standardbreds within this group. 

The prognosis in VSD depends on the size and location 
of the defect and the maximal velocity of the shunt. Horses 
with small defects in the left ventricular outflow tract can 
have a useful career. All horses which had a successful 
career had membranous or perimembranous VSDs with a 
maximal diameter of less than 2.8 cm in one study. Seven 
of 11 horses with a shunt velocity greater than 4 m/s per- 
formed successfully in vigorous types of competition, 
while the remainder were successful at lower levels of 
activity such as showing or hunting.’ In smaller breeds of 
horses and ponies, it may be helpful to compare the size 
of the VSD with the diameter of the aortic root rather than 
use an absolute measurement. VSDs that are less than 
one-third of the aortic root are likely to be restrictive and 
therefore carry a more favourable prognosis.” These con- 
clusions on the relationship between VSD size and athletic 
capability in horses with membranous VSDs have been 
confirmed in the author's clinical population. The maximal 
diameter of the VSD (4.40 + 0.99 compared to 1.83 + 0.83, 
P < 0.01) and the ratio of the VSD diameter to the aortic 
root (0.64 + 0.06 compared to 0.31 + 0.18, P < 0.01; 
see Figs. 15.5, 15.6) were significantly higher in horses 
presenting with congestive heart failure or exercise 
intolerance compared to those presenting with murmurs 
of VSD as an incidental finding (H. Whishart and C. M. 
Marr, unpublished data). Horses with muscular VSD, 
additional lesions such as severe aortic regurgitation (see 
Fig. 15.6) or in which the VSD is part of a more complex 
cardiac defect*®***?7> and those that have concurrent 
severe valvular insufficiency have a poor prognosis. 
Therefore, the echocardiogram should be evaluated care- 
fully for additional lesions to provide accurate prognostic 
information. 


Atrial septal defect 


Atrial septal defects (ASD) are uncommon. A fossa ovalis 
defect has been reported as an isolated lesion in one foal 
with atrial fibrillation and progressive heart failure.™* More 
often, ASD is part of more complex congenital cardiac 
defects.°4°48°°* A loud heart murmur is detected over the 
heart base and echocardiography demonstrates the defect, 
associated with enlargement of both atria and the right 
ventricle. Signs of right ventricular volume overload such 
as paradoxical septal motion and dilatation of the right 
ventricle are present. Care should be taken not to confuse 
the foramen ovale with an ASD. Flow within the foramen 
ovale can be seen in foals for several weeks after birth (see 
Fig. 15.1). Although anatomically and functionally closed, 
the foramen ovale may be visible as a circular anechoic 
area within the atrial septum in normal mature horses. 
Overall, the prognosis with ASD is poor, although the 
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author has seen one horse with a small ASD and no signs 
of exercise intolerance. 


Patent ductus arteriosus 


As discussed above, the ductus arteriosus is a normal com- 
munication between the aorta and pulmonary artery 
during fetal life that closes during the neonatal adaptation 
period. The continuous murmur over the left heart base 
associated with flow in the ductus arteriosus disappears 
within the first week of life but colour flow Doppler 
echocardiography has demonstrated ductal flow in older 
pony foals.” Patent ductus arteriosus (PDA) is uncom- 
mon as an isolated defect?’ but is often part of complex 
congenital cardiac defects.*******° Isolated PDAs do not 
usually cause clinical signs during the first few months of 
life; however, if the defect is large, there is progressive left 
ventricular volume overload and ultimately left-sided con- 
gestive heart failure. Rupture of the pulmonary artery has 
also been reported to occur with PDA.” At the time of 
presentation, the classical continuous murmur of the PDA 
may be absent and replaced by a systolic murmur. This 
occurs as pulmonary hypertension that restricts the flow 
within the ductus during diastole. Alternatively, the 
loudest murmurs may be caused by atrioventricular valvu- 
lar regurgitation that develops in response to the ventricu- 
lar dilation. Occasionally with a small PDA, there are no 
clinical signs and it has been described as an incidental 
finding at post mortem.” In one horse, seen by the author, 
used throughout its life for light hacking, signs of conges- 
tive heart failure did not develop until the horse was in its 
twenties. 

In young foals, the ductus arteriosus can be visualized 
echocardiographically in right or left parasternal images 
by angling the ultrasound beam dorsally and slightly 
caudally from a cranial location (see Fig. 15.2). However, 
because the ductus arises from the descending aorta and 
this area is difficult to image echocardiographically in 
older horses, it can be difficult to document the PDA itself. 
To confirm the diagnosis, continuous retrograde flow 
within the pulmonary artery should be documented 
with colour flow and spectral Doppler echocardiography. 
Signs of left ventricular volume overload, left ventricular 
dilatation, increased septal and free-wall movement, 
increased fractional shortening and globoid left ventricles 
should be assessed and, if present, warrant a poor prog- 
nosis. It is important to evaluate the pulmonary artery 
because rupture is associated with sudden death”? (see 
Chapter 9). 


Valvular dysplasia 
( VMD) 


Valvular dysplasia, which is common in small animals, is 
an uncommon congenital defect in horses. Congestive 
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Figure 15.9 Right parasternal long-axis colour flow Doppler echocardiograms of the (A) right (RVOT) and (B) left (VOT) 
ventricular outflow tracts from a 3-year-old pony with stunting, exercise intolerance and mild cyanosis. There is stenosis of the 
pulmonary artery (PA) at the level of the valve (arrow) and bidirectional flow in the VSD resulting in a complex arrangement of 
colours. The poststenotic portion of the PA is dilated when compared to the diameter of the aorta (Ao). 


heart failure has been attributed to congenital aortic insuf- 
ficiency in three horses" and echocardiograms from one 
horse with mitral valve dysplasia have been published.“ 
Clinical findings are similar to other forms of valvular 
insufficiency (see Chapters 16 and 19). Valvular anoma- 
lies may also lead to stenosis and incomplete subaortic 
stenosis“ and parachute mitral valve leading to both ste- 
nosis and regurgitation® are reported. The characteristics 
of stenotic murmurs are discussed in Chapter 8. 


Pulmonic stenosis and atresia 


Unlike small animals, stenosis of the semilunar valves is 
very uncommon in horses. Pulmonic stenosis has been 
described both as an isolated lesion“ and in conjunction 
with other defects, whereas currently aortic stenosis has 
not. Pulmonic stenosis combined with VSD has also been 
reported sporadically.*°* This diagnosis is usually made 
early in life as affected foals are stunted and grow poorly. 
There are loud murmurs on both sides of the chest, but, 
unlike simple VSD, with combined VSD and pulmonic 
stenosis, the left-sided holosystolic crescendo-decre- 
scendo murmur of pulmonic stenosis is louder than the 
right-sided murmur caused by the VSD. The stenotic area 
is visible on echocardiography with increased maximal 
velocity of the blood flow within a stenotic pulmonary 
artery and the VSD may have bidirectional shunting 
(Fig. 15.9). The prognosis is poor and it is extremely 
unlikely that affected animals can undertake any form of 
work; however, the author is aware of one case that was 
comfortable at pasture until it developed CHF at five years 
of age. 

The term critical pulmonic stenosis refers to a severely 
stenotic lesion in which clinical signs are apparent from, 


Figure 15.10 A post-mortem specimen from a Warmblood 
filly foal which died at around 15 hours of age with 
weakness, a loud systolic murmur, severe metabolic 
acidosis and hypoxia unresponsive to intranasal oxygen 
administration. The pulmonary artery has been opened and 
the valve area is viewed from above demonstrating critical 
pulmonic stenotis at the level of the valve. 


or shortly after, birth.” The pulmonary artery is extremely 
stenotic (Fig. 15.10) and blood flows from the right atrium 
to the left atrium through the foramen ovale while the 
lungs are supplied by a left-to-right shunt through the 
ductus arteriosus. Affected foals have loud murmurs and 
severe hypoxaemia. There is no increase in arterial oxygen 
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tension following the administration of intranasal oxygen. 
This presentation is similar to that of persistent fetal cir- 
culation” but the two conditions can be differentiated by 
echocardiographic or angiographic examination. A varia- 
tion of this defect is atresia of the pulmonary artery.**” 
In pulmonic atresia, the RV and PA do not communicate 
and this can also occur with” and without VSD.” Affected 
foals are likely to be extremely cyanotic with loud 
murmurs; they are able to survive in the short term due to 
a variety of alternative communications between the PA 
and the systemic circulation which may arise from the 
descending aorta.” 


Tetralogy and pentalogy of Fallot 
( CCD) 


Tetralogy of Fallot, which is a common congenital defect 
in ruminants, is seen occasionally in foals and it is the 
commonest form of right-to-left shunt.'*” The tetralogy 
consists of a large VSD, pulmonic stenosis, overriding of 
the aorta and right ventricular hypertrophy while the pen- 
talogy has, in addition, an atrial septal defect.®°° The right- 
to-left shunt develops because due to the pulmonic 
stenosis, the pressures within the RV exceed those of the 
LV. This form of shunting creates systemic hypoxaemia, 
tissue hypoxia, cyanosis, exercise intolerance, polycythae- 
mia, hyperviscosity of the blood and stunting of growth.” 
Foals typically have a loud systolic murmur with its point 
of maximal intensity over the pulmonary valve on the left 
side. Echocardiography illustrates the various components 
of the defect” (Fig. 15.11) The majority of cases die or are 
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Figure 15.11 A right parasternal long-axis echocardiogram 
from a 9-day-old Welsh cob colt that presented with 
tetralogy of Fallot. Enlargement of the right ventricle (RV) 
and over-riding aorta (Ao) are visible. Image courtesy of Drs 
Jakub Plachy and Barbora Bezdékova, Equine Clinic, Faculty 
of Veterinary Medicine, University of Veterinary and 
Pharmaceutical Sciences Brno, Czech Republic. 
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euthanased due to the severity of their clinical signs early 
in life; however, the degree of cardiac compromise is 
dependent on the degree of pulmonic stenosis and sur- 
vival to 3° and 7 years of age” has been reported. 


OTHER CONGENITAL 
CARDIAC DISEASE 
( CCD) 


There are a range of other abnormalities that are attrib- 
uted to abnormalities of the conotruncal development. 
The clinical and echocardiographic findings in atresia 
of the right atrioventricular (tricuspid) valve are well 
described*’*?****' and are the result of abnormal trunco- 
conal development. Foals present early in life with 
murmurs loudest over the right hemithorax, cyanosis and 
signs of severe cardiovascular compromise. On echocardi- 
ography, the right ventricle is extremely small, there is a 
muscular band in the area normally occupied by the tri- 
cuspid valve and there is a large VSD through which 
blood from the LV supplies the lungs. Persistent truncus 
arteriosus arises because the aorticopulmonary septum 
fails to form, leaving a single vessel from which the 
systemic, pulmonary and coronary arteries arise, and 
is accompanied by a VSD.%***!4°5?-8° Other anomalies 
such as transposition of the great vessels,*”*? aortico- 
pulmonary septal defect, hypoplastic left heart,” 
double outlet right ventricle*”** and anomalous origin of 
the left pulmonary artery®? have all been described as 
individual case reports. 

A variety of other forms of complex congenital defects 
are recognized in horses. AV canal defects are associated 
with abnormal development of the endocardial cushions. 
They have been reported sporadically in horses.*°??** 
Young horses present with signs of congestive heart failure 
and systolic heart murmurs. However, because the defects 
are large, and pressures between the ventricles may be 
similar, the heart murmurs are not necessarily very loud.” 
More unusual defects arising from abnormal development 
of the aortic arches include absence of the aortic arch,” 
persistence of the right aortic arch*’ and coarctation of the 
aorta?’ while other embryological events can create a 
myriad of anatomical variation such as anomalous venous 
connections”””*) and atrial diverticulum.” These defects 
can all be detected echocardiographically. However, 
although these defects are interesting to differentiate using 
echocardiography, angiography or other diagnostic tech- 
niques, as a clinical problem they are rarely challenging 
because affected foals generally present with loud, widely 
radiating murmurs, and severe signs of cardiovascular 
compromise. As cardiac surgery is not a reasonable means 
of therapy, the prognosis for all of the major complex 
anomalies of the cardiac chambers and great vessels is 
hopeless. 
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INTRODUCTION 


One of the commonest cardiological dilemmas that faces 
the equine practitioner is the assessment of a horse, 
otherwise apparently healthy, in which a murmur is 
detected. This situation arises frequently in the context of 
examinations for suitability for purchase. Equally, in 
horses presented for investigation of poor performance, a 
murmur may have uncertain significance. The characteris- 
tic auscultatory features of equine cardiac murmurs are 
described in detail in Chapter 8. The investigation and 
management of horses with congenital cardiac disease 
(see Chapter 15), and infective endocarditis (see Chapter 
17) and heart failure (see Chapter 19), are described 
elsewhere in this book. The purpose of this chapter is to 
discuss the investigation and management of cardiac 
murmurs in adult horses which are otherwise asympto- 
matic or have poor performance, the setting in which 
cardiac murmurs are most frequently encountered. 


© 2010 Elsevier Ltd. 
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PATHOLOGICAL AND 
PHYSIOLOGICAL REGURGITATION 


Valvular regurgitation is an important cause of murmurs 
in horses, second only to physiological flow murmurs in 
prevalence, and it occurs both in the presence and absence 
of valvular pathology.'~° Valvular lesions can be congenital, 
degenerative, inflammatory or idiopathic in nature’*’~ 
(see Chapter 4). The term valvular insufficiency can be 
defined as valvular regurgitation that is sufficiently severe 
to lead to some degree of haemodynamic changes and it 
is typically associated with some form of valvular pathol- 
ogy. However, it is important to recognize that valvular 
regurgitation can occur at structurally normal valves and 
in this setting it is described as physiological regurgitation. 
Furthermore, valvular regurgitation can be detected 
with Doppler echocardiography in many horses without 
murmurs.”*° 

Valves are not inert structures; rather their tone and 
stiffness can be modified dynamically, under the influence 
of a variety of vasoactive mediators, just as is the case with 
blood vessels'’ (see Chapter 4). The factors that influence 
physiological regurgitation are not yet well understood 
and may involve not only neuroendocrine factors but also 
changes in the geometry of the ventricles that are part of 
cardiac adaptation to exercise and training. Physiological 
regurgitation is more common in human and canine ath- 
letes than sedentary individuals and it is well established 
that atrioventricular valvular regurgitation, both with and 
without murmurs, becomes more prevalent and more 
severe as Thoroughbred horses progress through train- 
ing.”'° There is a higher prevalence of physiological regur- 
gitation in racehorses trained for steeplechasing compared 
to flat races, suggesting that the cardiac adaptations that 
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relate to the most intense, sustained exercise may be 
important in the development of physiological regurgita- 
tion‘ (see Chapter 3). There is no relationship between the 
presence and absence of physiological regurgitation and 
racing performance,“ providing further evidence that this 
is a physiological rather than pathological phenomenon. 
The task of the clinician when called upon to examine a 
horse with a regurgitant murmur is first to distinguish 
between physiological and pathological regurgitation and 
then if pathological regurgitation is present, to determine 
whether it is of sufficient severity that it is likely to be 
affecting the horse’s well-being and exercise capacity. 


CLINICAL ASSESSMENT OF HORSES 
WITH MURMURS 


Clinical assessment of a horse with a murmur due to val- 
vular regurgitation involves: 


e History taking, with an emphasis on identifying 
exercise intolerance, fatigue, weight loss and other 
features that might indicate cardiac disease or 
dysfunction. 

General physical examination. 
Auscultation to characterize and localize the valve 
involved. 

e Echocardiography to confirm valvular regurgitation 
and estimate its severity. 

e Electrocardiography to investigate concurrent 
dysrhythmias. 


In horses with valvular regurgitation, M-mode, two- 
dimensional and Doppler echocardiography (see Chapter 


9) are used to*”'”**: 


e Identify specific forms of valvular pathology. 

e Semiquantitate the severity of regurgitation. 

e Document the size and shape of the cardiac 
chambers and great vessels. 


The criteria recommended for the evaluation of severity of 
valvular regurgitation in horses include the presence and 
specific type of echocardiographically demonstrable valvu- 
lar lesions, the degree of atrial and ventricular volume 
overload, and the timing of and area occupied by the 
regurgitant jet mapped by pulsed or colour flow Doppler 
echocardiography.” The chronicity of lesions can some- 
times be inferred by the correlation of the jet size and the 
chamber enlargement and in acute, severe disease, a large 
jet may not necessarily be associated with chamber enlarge- 
ment because this takes time to develop. The rate of pro- 
gression can be assessed most accurately by repeated 
echocardiographic examinations.*' Conventional, radio- 
telemetric and ambulatory electrocardiography can be 
useful to detect concurrent dysrhythmias (see Chapter 10). 
When the information generated with these techniques is 
considered in the light of the presenting signs and the 
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owner's expectations for the horse, it is usually possible 
for the clinician to provide an accurate prognosis and 
advise the horse’s owner on suitable management and the 
appropriate exercise level for the horse. Although in the 
following discussion, each valve is considered in turn, it is 
important for the clinician to remember that there may be 
valvular regurgitation in more than one valve and the clini- 
cal impact of multiple regurgitations may be additive. 


AORTIC VALVULAR REGURGITATION 
AND INSUFFICIENCY 
( AR) 


Prevalence 


Estimates of the prevalence of aortic regurgitation (AR) 
have varied depending on the study populations and on 
the techniques used to define the diagnosis but AR appears 
to increase in prevalence with age and small riding breeds 
(i.e. Thoroughbred and Arab or crosses thereof) are at 
increased risk of having AR compared to small ponies.” 
The prevalence of audible murmurs of AR was 8.7% in 
cases at a referral hospital, 2.2% in a mixed working 
population,” 5.5% in a mixed population with a median 
age of 14 years, many of whom were retired,” 7% in stee- 
plechasers in the UK‘ but 0-1% in various categories of 
younger Thoroughbreds competing on the flat. The true 
prevalence of AR is probably much greater, and with 
Doppler echocardiography, physiological AR can often be 
identified in horses with no murmurs.*“° 


Pathogenesis 


The aortic valve is the commonest site for valvular pathol- 
ogy, particularly in the middle-aged and older horse.'* 
Degenerative lesions consisting of nodular or, less com- 
monly, generalized fibrous thickenings are seen most 
often on the left coronary cusp, although any or all of the 
three cusps may be affected.’°”* Valvular prolapse is a 
precursor to valvular disease in dogs” but this association 
has not been investigated in horses. The term aortic val- 
vular prolapse refers to abnormal movement of the valve 
cusps during diastole such that they flop downwards into 
the ventricle. It is detected echocardiographically and 
must be visible in at least two perpendicular planes to 
confirm its presence. It can be seen in both the presence 
and absence of valvular pathology and in the presence or 
absence of AR.‘ It is a dynamic process that can be induced 
by application of a twitch and is extremely common in fit 
Thoroughbred racehorses compared to other breeds and 
those in lighter work.*’ It remains to be established 
whether aortic valvular prolapse is a risk factor for valvular 
disease later in life. ( ) AR) 
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Infective endocarditis can affect the aortic valve!???*?? 


(see Chapter 17). All forms of congenital valvular lesions 
are extremely uncommon in isolation but congenital mal- 
formations have been reported in the aortic valve.***? AR 
can accompany ventricular septal defects, when the pres- 
ence of the defect immediately beneath the aortic root 
leads to instability and, in some cases, rupture of the aortic 
valve?" (see Chapter 15). Fenestrations of the free edges 
of the cusps are a common feature of both the aortic and 
pulmonary valves in the horse and have been observed in 
both equine fetuses and mature animals.’ Provided these 
are not extremely extensive, they are not thought to have 
any clinical significance, representing a normal variant 
rather than a pathological entity.’ 


Clinical findings 
( AR, IE) 


The murmur of AR is typically pan, holo- or early diastolic, 
decrescendo and has its point of maximal intensity over 
the aortic valve in the left fifth intercostal space and radi- 
ates variable distances ventrally towards the heart base 
(see Chapter 8). It may be musical in quality, and in some 
horses it has a bizarre “creaking” quality, which may be 
due to vibrations of cardiac structures, such as the mitral 
valve and the ventricular septum, rather than turbulent 
blood flow itself.” 

The clinical findings that warrant further investigation 
in horses in which a murmur of AR is detected are sum- 
marized in Table 16.1. Horses with more severe AR are 
likely to have loud diastolic murmurs, multiple heart 
murmurs and hyperkinetic pulses.” The best clinical guide 
to severity of AR is the quality of the arterial pulses, rather 
than the grade of the murmur. It can also be useful to 
measure noninvasive arterial pressure, which provides a 
useful guide to severity: horses with severe AR have a 
diastolic arterial pressure below 50 mmHg and a pulse 
pressure (i.e. systolic - diastolic) of greater than 60 mmHg 
compared to horses with mild AR” (Fig. 16.1). As the 
insufficiency becomes more severe, increases in resting 
heart rate may also be observed. 


Echocardiography 
( ET, IE, VSD, AF) 


Colour flow Doppler echocardiography can readily dem- 
onstrate the area occupied by the jet of AR (Fig. 16.2). 
Unfortunately, measurements of the maximum width, 
length and width at the base are not very repeatable or 
reproducible and changes over time must be in excess of 
20% in order to document genuine progression of the AR. 
Doppler echocardiography can also be used to assess pres- 
sure gradients that arise as a result of AR. In human beings, 
the maximal velocity and pressure half-time of the regur- 


gitant jet can be related to the severity of ventricular volume 
overload. In one study, horses with AR on Doppler echocar- 
diography had significantly larger and faster regurgitant 
jets if a cardiac murmur was present, suggesting that these 
parameters do reflect severity to some extent.** However, 
critical prospective studies have not addressed the sensitiv- 
ity, specificity and reliability of these variables in the horse. 

The two-dimensional and M-mode echocardiographic 
features of AR and aortic insufficiency (AI) have been 
described extensively.”?*°** Prolapse of the noncoronary 
cusp is a common finding and is rarely associated with 
severe regurgitation. In the typical degenerative disease 
seen in older horses, echogenic foci, representing degen- 
erative nodules, are commonly localized to the left coro- 
nary cusp. Generalized thickening of the aortic valve and 
flail cusp indicates more extensive pathology. Dilatation 
of the aortic root (>8 cm), diastolic vibrations of the mitral 
valve and septum, and premature closure of the mitral 
valve are seen with moderate to severe AI but are not 
necessarily related to severity.” The vibrations arise as a 
consequence of the turbulence created in the left ventricu- 
lar outflow tract by the regurgitant jet.” Early closure of 
the mitral valve (closure of the valve before the onset of 
systole as indicated by the Q wave) is not present in horses 
with mild regurgitation.” Both two-dimensional and 
M-mode echocardiograms are useful in assessing the 
degree of left volume overload (see Chapter 9), which is 
diagnosed if the left ventricular diameter is increased, the 
apex of the ventricle takes on a globoid shape and the 
ventricle is hyperkinetic. 


Electrocardiography 


Horses with AR are more likely to have ventricular dys- 
rhythmias compared to horses with other forms of valvu- 
lar regurgitation (relative risk 1.87, 1.05-3.31, P = 0.035; 
C. M. Marr, unpublished data) and this appears to be 
independent of the severity of AR, while supraventricular 
premature depolarizations are more likely to be seen in 
horses with severe AR.” Therefore, ambulatory and exer- 
cising electrocardiography are recommended as part of the 
diagnostic work-up in cases of AR, particularly in horses 
with moderate to severe AI that are being used for riding 
purposes (Fig. 16.3). The pathogenesis of these dysrhyth- 
mias is not clear; in some cases, there may be valvular and 
myocardial disease of similar pathogenesis, for example, 
with infective endocarditis and myocarditis or endocardial 
and myocardial fibrosis (see Chapter 4). It is also possible 
that some of the dysrhythmias relate to neuroendocrine 
changes (i.e. increased circulating cathecholamines) or 
arise because coronary artery blood flow is disrupted. 


Prognosis 


When examined as a group, horses with murmurs of 
left-sided valvular regurgitation (i.e. aortic and/or mitral 
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Table 16.1 Guidelines for interpreting the clinical significance of valvular regurgitation in horses presented for investigation of murmurs 


INDICATIONS FOR 
FURTHER INVESTIGATIONS 


Hyperkinetic pulses 

Murmur grade 23/6 

Young horse 

Older (>approx. 15 years) horse still 
used for ridden activities 

Concurrent murmurs of mitral 
regurgitation or ventricular septal 
defect 

Fever 

Poor performance 

Signs of congestive heart failure 


ECHOCARDIOGRAPHIC 
FINDINGS USUALLY 
ASSOCIATED WITH A 
GOOD PROGNOSIS 


Valvular prolapse or mild to 
moderate nodular changes 
No or moderate left ventricular 
dilation 

No or moderate increase in 
fractional shortening 

Small, low-velocity regurgitant 
jet with long pressure 
half-time 


ECHOCARDIOGRAPHIC FINDINGS 
USUALLY ASSOCIATED WITH A 
GUARDED PROGNOSIS 


Flail cusp or severe thickening or nodular 
changes on valve 

Severe left ventricular dilation, marked 
globoid apex 

Marked increase in fractional shortening or 
normal to low fractional shortening with 
marked left ventricular dilation 

Large, high-velocity regurgitant jet with 
short pressure half-time 

Large regurgitant jet with minimal left 
ventricular dilation (suggests acute onset) 

Concurrent severe mitral regurgitation or 
ventricular septal defect 

Rapid progression on repeated examinations 


SPECIFICALLY 
ASSOCIATED 
ARRHYTHMIAS 


Ventricular 
dysrhythmias 


Mitral 


Murmur grade 23/6 

Loud third heart sound 

Fever 

Poor performance 

Signs of congestive heart failure 


Valvular prolapse with no 
structural changes 
Normal left atrial diameter 
No left ventricular dilation 
Small regurgitant jet 


Moderate to severe thickening or nodular 
changes on valve, flail cusp, ruptured 
chordae tendineae 

Left atrial enlargement 

Left ventricular volume overload; dilation, 
globoid apex 

Pulmonary artery dilation 

Large regurgitant jet with minimal left 
ventricular dilation (acute onset) 

Rapid progression on repeated examinations 


Atrial fibrillation 

Other atrial 
dysrhythmias 

Ventricular 
dysrhythmias 


Tricuspid 


Murmur grade > 4/6 in 

Thoroughbreds or Standardbreds 

Murmur grade >3/6 in other breeds 
in which it is less common 

Increased jugular pulses 

Fever 

Poor performance 

Signs of congestive heart failure 


Valvular prolapse with no 
structural changes 

No right atrial enlargement 

No right ventricular dilation 

Small to moderate low-velocity 
regurgitant jet 


Severe thickening or nodular changes on 
valve, flail cusp, ruptured chordae 
tendineae 

Marked right atrial enlargement 

Right ventricular dilation, double-apex heart 

High-velocity regurgitant jet 

Paradoxical septal motion 

Rapid progression on repeated examinations 


Atrial fibrillation 
(often 
coincidental) 


Pulmonic 


Murmur grade 21/6 

Fever 

Poor performance 

Signs of congestive heart failure 


No structural changes 

No right ventricular dilation 

Small to moderate low-velocity 
regurgitant jet 


Severe thickening or nodular changes on 
valve, flail cups 

Right ventricular dilation, double-apex heart 

Paradoxical septal motion 

Rapid progression of repeated examinations 
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Figure 16.1 Diastolic (A) and pulse (B) pressures in horses with mild and severe aortic regurgitation (AR). Horses with severe 
AR were more likely to have diastolic pressure <50 mmHg (odds ratio = 5.34, 1.23-23.23, P = 0.017) and pulse pressure 
>60 mmHg (odds ratio 8.55, 1.84—39.62, P = 0.002). The box extends from the 25th to 75th percentile with a line at the 
median. The whiskers extend above and below the box to show the highest and lowest values. Reproduced with permission 
from Horn JNR (2002) Sympathetic nervous control of cardiac function and its role in equine heart disease, PhD thesis, 
University of London. 


Figure 16.2 Left parasternal long-axis colour flow Doppler echocardiograms from: (A) a 9-year-old Thoroughbred gelding with 
mild aortic insufficiency; (B) a 14-year-old Arabian mare with degenerative valvular heart disease and moderate aortic 
insufficiency. Notice that the area occupied by the regurgitant jet (yellow and green) relates to its severity. RA, right atrium; 

RV, right ventricle; LVOT, left ventricular outflow tract; Ao, aorta; LA, left atrium. 


regurgitation) have a similar life expectancy to those that to be used for riding, and AR may be more clinically sig- 
do not have these murmurs.” Nevertheless, some indi- nificant if it is detected in a young animal in which degen- 
viduals do develop cardiac failure as a result of aortic valve erative disease is unlikely to be present; thus the less 
disease and the task of the clinician is to identify these | common but more rapidly progressive forms of pathology 
specific individuals. In middle-aged horses, AR is usually must be considered (see Table 16.1). A poor prognosis is 
well tolerated and horses with mild to moderate AI, which warranted with acute onset, severe AI and severe, advanced 
is slowly progressive and is not associated with ventricular degenerative disease, particularly if the degree of left ven- 
dysrhythmias, can be used successfully as riding horses for tricular dilatation has caused dilatation of the mitral valve 
several years after the diagnosis is made (see Table 16.1). annulus and mitral regurgitation (MR) or if there is 
Older horses should be investigated if they are to continue marked ventricular ectopy. 
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Figure 16.3 Ventricular premature depolarizations (arrows) and second-degree atrioventricular bloc 


Thoroughbred gelding with severe aortic insufficiency. 


In a group mainly comprising older, retired horses 
in the UK, a loud (>3/6) heart AR murmur, multiple 
heart murmurs, hyperkinetic pulses, systolic pressure 
2125 mmHg, diastolic pressure <50 mmHg, pulse pressure 
260 mmHg, plasma noradrenaline concentration 2130 pg/ 
ml, plasma adrenaline 240 pg/ml and various indices of 
heart rate variability were all shown to have some value 
as predictors for progression of heart disease in horses 
with AI. However, the presence of ventricular dysrhyth- 
mias had much the highest likelihood ratio, suggesting 
that 30-50% of horses with ventricular premature depo- 
larizations and AI are at risk of progression within 2 
years.” Further studies are needed to validate this conclu- 
sion in other populations. 


MITRAL REGURGITATION 
AND INSUFFICIENCY 
( SFP, VMD) 


Prevalence 


Murmurs of MR are present in around 2.9-3.5% of the 
otherwise healthy, general horse population.*””” However, 
in racing Thoroughbreds the prevalence is much higher 
and it is at its highest in horses competing over jumps 
(19% of hurdlers and 23% of steeplechasers) compared to 
7-18% of various groups of Thoroughbreds successfully 
engaged in flat racing.® 


Pathogenesis 


Physiological MR is common in equine athletes. The 
mitral valve is the second commonest location for valvular 
pathology, most often related to degenerative valvular 
disease." Less often, the mitral valve may be affected by 
infective endocarditis, nonseptic valvulitis or congenital 
valvular dysplasia.”'"’* MR can arise secondary to dilation 
of the valve annulus in cardiomyopathy or as a result of 
severe AI or congenital malformations. Chordae tendineae 
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(arrowhead) in an aged 


can rupture spontaneously or following inflammatory or 
degenerative disease (see Fig. 18.5) and this has an acute 
severe impact on left heart haemodynamics and therefore 
is poorly tolerated in comparison to the more slowly 
progressive lesions. ( ^ RCT) Occasionally, neoplasia, 
most notably lymphosarcoma, can affect the mitral valve. 
(© CN) Mitral insufficiency (MI) is the most likely form 
of valvular insufficiency to lead to congestive heart failure 
or sudden death due to pulmonary rupture™'™" (see Fig. 
18.4) and both are the result of pulmonary hypertension, 
which ensues as MR leads first to increases in left atrial 
pressure, and ultimately to increased pressure within the 
pulmonary circulation. MI and increased left atrial size 
are also risk factors for the development of atrial 
fibrillation.” 


Clinical findings 
(_) AF, IE, RCT, RSD) 


Horses with MR can present with murmurs found inciden- 
tally, with poor performance or occasionally in congestive 
heart failure (see Chapter 19). MR is the most frequent 
form of valvular regurgitation referred to specialist centres 
for cardiological investigation and is more likely to be 
associated with signs of poor performance than other 
forms of valvular regurgitation. In a study conducted 
between 1993 and 1998, 35% of horses presented to the 
author's clinic for investigation of valvular regurgitation 
had MR and in 50% of these there was a history of poor 
performance. 

The MR murmur is holo- or pansystolic, typically band 
shaped and is loudest over the left fifth intercostal space, 
and radiates variable distances caudodorsally (see Chapter 
8). A widely accepted and useful clinical guideline is that 
MR murmurs of grade 3/6 or greater warrant further inves- 
tigation (Table 16.1), however, this “rule” serves as guide 
only and MR murmurs 2grade 3/6 can be found in elite 
racehorses with no performance limitations.° The grade of 
the murmur does not necessarily relate to the severity of 
the disease, and it may reflect the direction of the regur- 
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gitant jet, frequently being louder if the jet is orientated 
towards the chest wall as opposed to the slightly more 
common caudodorsal direction. The degree of radiation 
of the murmur is an important guide to severity with more 
severe MR being audible over a wide area. Horses with MR 
and a loud third heart sound should also be investigated 
further: the third heart sound relates to early ventricular 
filling and increases in its volume raise the suspicion that 
there may be increased left ventricular diastolic filling and 
left ventricular volume overload. ( ) RCT) 


Echocardiography 
( AF, ET, IE, RCT, RSD, VSD) 


Severe degenerative disease of the mitral valve typically 
produces generalized or nodular thickening, although in 
milder cases there may be no echocardiographic evidence 
of structure changes in degenerative valve disease.*”! 
Mitral valve prolapse is a fairly common echocardio- 
graphic finding,* often associated with a mid-systolic 
murmur and it is usually non-progressive although as is 
the case with aortic valvular prolapse, the possibility of a 
link between mitral valve prolapse and subsequent valvu- 
lar disease has not been investigated critically. Large, 
vibrating nodular lesions are suggestive of infective endo- 
carditis. Portions of the chordae tendineae may flail into 
the left atrium with ruptured chordae tendinea.**’ These 
are usually found in left parasternal long-axis images and 
a careful search across the entire valve plane is required as 
they may be seen in only one image. ( ) RCT) 


Flow mapping can underestimate the severity of MR, 
because it is difficult to align the ultrasound beam parallel 
to the direction of regurgitant flow. ( ) RSD) Therefore, 
care must be taken if a small jet is detected in a horse with 
other signs of severe MI, such as left atrial enlargement or 
left ventricular volume overload. Echocardiographic signs 
consistent with left ventricular volume overload include 
increases in the left atrial diameter and enlargement of 
the left ventricle with rounding of its apex such that the 
ventricle adopts a globular appearance. ( ) RCT) The 
diameter of the pulmonary artery should be assessed as 
dilation is suggestive of pulmonary hypertension and may 
be a precursor to rupture, collapse and death. Myocardial 
disease may accompany mitral valve disease.” If this has 
led to severe dilatation, the prognosis is poor, particularly 
if the fractional shortening is decreased. With mild 
ventricular dilatation and slight reduction in fractional 
shortening, the horse may experience reduced athletic per- 
formance but be able to perform light work provided that 
there are no concurrent exercise-associated dysrhythmias 
(Fig. 16.4). 


Electrocardiography 
(> AF) 


MR can lead to left atrial dilation and in turn atrial 
fibrillation. Chronic atrial fibrillation can also lead to or 
exacerbate MR. The MR rarely disappears, but can become 
less severe if the dysrhythmia is successfully treated. In 
the presence of moderate to severe MR, the AF is often 


Figure 16.4 A left parasternal long-axis echocardiogram (A) of the left atrium (LA) and left ventricle (LV) and right parasternal 
M-mode echocardiogram (B) of the left and right ventricles (RV) from a 9-year-old event horse presented for lethargy with a 
grade 3/6 holosystolic murmur over the mitral valve. A small jet of mitral insufficiency is present and there is a mild reduction 
in the fractional shortening (27%) with poor left ventricular free-wall motility, suggesting myocardial dysfunction. 
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refractory to cardioversion, and in a performance horse, 
this may end a competitive career.” Horses with severe MI 
also have a high incidence of ventricular dysrhythmias, 
often associated with ventricular myocardial fibrosis.’ 


Prognosis 


Physiological MR does not affect racing performance’® 


and can also be assumed to have minimal impact on the 
majority of horses engaged in other, less arduous sports. 
In the general horse population, the presence of left- 
sided valvular regurgitation does not affect lifespan.” 
In attempting to formulate a prognosis in horses with MR, 
the jet should be semi-quantitated and the dimensions of 
the left ventricle, left atrium and pulmonary artery should 
be carefully evaluated. A good prognosis can be offered if 
the regurgitant jet is small, there are no valvular structural 
changes and no cardiac enlargement. Pulmonary artery 
dilatation is a particularly poor prognostic sign” (see Fig. 
18.4), and care should be taken not to underestimate the 
importance of MR in horses with large regurgitant jets and 
minimal atrial enlargement, because this may indicate 
moderate or severe regurgitation of recent onset which 
may continue to progress; thus the echocardiographic 
examination should be repeated within 2-4 months to 
re-assess the degree of valvular insufficiency. In horses 
with degenerative valvular disease, progression does occur 
but this generally occurs slowly over months or years; 
repetition of the echocardiographic examination is recom- 
mended at 6 to 12 month intervals provided no further 
clinical signs are detected that might prompt an earlier 
re-assessment. 


TRICUSPID REGURGITATION 
AND INSUFFICIENCY 
( VMD) 


Prevalence 


Murmurs of tricuspid regurgitation (TR) are frequently 
encountered, particularly in performance horses.'°”? In 
one survey of 545 horses, the overall incidence was 9% 
but the incidence in Thoroughbred racehorses was 
16.4%.” In another, TR murmurs were detected in around 
20-25% of Thoroughbreds in flat racing and approxi- 
mately 40-50% of Thoroughbreds in jump racing.° TR is 
even more common in surveys utilizing Doppler echocar- 
diography.**° Murmurs of TR are also often found in 
Standardbreds while TR is not found as frequently in non- 
athletic breeds: in a survey from the author's clinical popu- 
lation, 22% of Thoroughbreds presented for investigation 
of murmurs had TR, whereas there was an incidence of 8% 
in mixed pleasure horses and 5% in ponies. 
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Pathogenesis 


The inciting mechanisms in physiological TR remain 
unclear and may relate to changes in the geometry of the 
ventricle or to haemodynamic or neuroendocrine changes 
associated with increased fitness. The tricuspid valve is 
rarely diseased’ but ruptured chorda tendinea and dysplas- 
tic, inflammatory and degenerative diseases can occasion- 
ally occur. Infective endocarditis of the tricuspid valve 
tends to be associated with septic jugular thrombophlebi- 
tis (see Chapter 17). 


Clinical findings 
( AF) 


TR is rarely related to clinical signs such as exercise intoler- 
ance in performance animals, but if it is encountered in 
breeds in which it is less common, it may warrant further 
investigation (Table 16.1). 

The murmur of TR is typically holo- or pansystolic and 
is loudest over the right heart base, in the right fourth 
intercostal space. It is usually blowing and crescendo- 
decrescendo in nature but can be harsh in some cases and 
tends to radiate concentrically from its point of maximal 
intensity (see Chapter 8). With severe tricuspid insuffi- 
ciency (TI) signs of right heart compromise include disten- 
sion and pulsation of the jugular veins, ventral oedema 
and pleural and peritoneal effusion. It is important to bear 
in mind that the main differential diagnosis for a right- 
sided murmur is a ventricular septal defect (see Chapter 
8). It is also important to be aware that approximately 
30% of horses with infective endocarditis of the tricuspid 
valve do not have murmurs.” 


Echocardiography 
( AF, ET, IE, VSD) 


Tricuspid valvular prolapse is seen commonly and, 
occasionally, lesions such as rupture of a chorda 
tendinea, infective endocarditis and severe degenerative 
valve disease are encountered. The severity of TR can 
be semiquantitated with Doppler echocardiography 
fairly easily and there is less difficulty in achieving align- 
ment to regurgitant flow at the tricuspid valve. Signs of 
right ventricular volume overload include dilatation of the 
right ventricle, rounding of its apex so that the heart 
appears to have a double apex, and paradoxical septal 
motion. 


Electrocardiography 


TR was reported in 22% of horses presenting with atrial 
fibrillation, but in all but two of these this was secondary 
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to severe MI.” Therefore, TR does not appear to predispose 
to the development of atrial fibrillation unless it is severe. 
Investigation of the association between TR and ventricu- 
lar dysrhythmias in the author's clinical population pro- 
duced insignificant results, with a tendency towards a 
reduced risk of development of dysrhythmias in horses 
with tricuspid regurgitation compared to other forms of 
valvular regurgitation. 


Prognosis 


TR is unlikely to affect athletic performance and loud TR 
murmurs and large TR jets have been documented in elite 
racehorses with no performance limitations.° Horses with 
normal valve structure or valvular prolapse, mild to mod- 
erate TR and no signs of right ventricular volume overload 
generally have a good prognosis for continued perform- 
ance (see Table 16.1). Care must be taken to ensure that 
TR is the only cardiac abnormality, as where it occurs in 
association with other lesions such as MR or AR, or con- 
genital defects, a more guarded prognosis is warranted. 
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INFECTIVE ENDOCARDITIS 


Infective endocarditis is a microbial infection of the 
endothelial surface of the heart. In horses, infective endo- 
carditis is characterized by bacterial or fungal invasion of 
the valves (valvular endocarditis) or wall of the endocar- 
dium (mural endocarditis) resulting in fibrinous clots or 
vegetations. Although infective endocarditis affects horses 
of all ages, the median age is 5 years with a range of 
reported cases from 2 months to 15 years.” Males are 
more likely to be affected than females. No breed predilec- 
tion has been found. 

Infective endocarditis predominantly affects the left side 
of the heart in the horse. The prognosis is poor in these 
cases because even with bacteriological cure, persistent 
regurgitation often leads to left ventricular volume over- 
load, left heart failure and pulmonary hypertension. 


Clinical signs 


( IE) 


The most frequently seen clinical signs are intermittent 
or continuous fever, cardiac murmur, tachycardia and 
tachypnoea.’*° Shifting leg lameness, intermittent joint 
distention, coughing, ventral oedema and depression are 
less commonly seen. Fever is present in almost all cases of 
infective endocarditis!” and in many cases is the primary 
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complaint.’ Shifting leg lameness may be associated with 
effusion of one or more synovial structures. The lameness 
may be due to haematogenous synovial sepsis, emboli or 
immune complex deposition. Signs of congestive heart 
failure may be present in severely affected individuals. 
Clinical signs of left heart failure in the horse include 
tachypnoea, crackles and harsh lung sounds on thoracic 
auscultation. Signs of right heart failure are ventral 
oedema, venous distention and jugular vein pulsation. 

The mitral valve is most often affected in the horse fol- 
lowed by the aortic, tricuspid and then the pulmonary 
valve.*'* The predominance of mitral valve endocarditis is 
also reported in some other species.*® Cardiac murmurs 
associated with infective endocarditis in the horse are gen- 
erally harsh holosystolic band-shaped grade 3/6 or louder 
if the atrioventricular valves are involved. If the semilunar 
valves are affected, the murmur is most often decrescendo 
holodiastolic grade 2/6 or louder. Cardiac murmurs are 
most often associated with regurgitation through the 
affected valve although murmurs of valvular stenosis can 
occur." All horses with aortic or mitral valve involvement 
had a cardiac murmur.'***° Right-sided vegetative lesions 
may not produce a cardiac murmur as a result of a lower 
pressure difference between the right atrium and ventricle 
in comparison to left-sided pressures.*° Mural and small 
valvular lesions also may not produce a cardiac murmur. 
If a cardiac murmur is not present and bacterial endocar- 
ditis is suspected, an echocardiogram should be performed 
to examine the valves for vegetative lesions. 

Cardiac dysrhythmias in horses with bacterial endocar- 
ditis, although uncommon, may occur as a result of direct 
extension of the inflammatory lesion into the myocar- 
dium or thromboembolic myocardial ischaemia. Cardiac 
dysrhythmias reported in horses with bacterial endocardi- 
tis include atrial fibrillation, ventricular tachycardia and 
supraventricular and ventricular extrasystoles.” 1141718 


217 


— Cardiology of the horse 


Pathogenesis and microbiology 


The source of infection is often not determined in the 
horse. Infective endocarditis has been associated with 
jugular vein thrombophlebitis®”"”? and with the presence 
of a transvenous pacing catheter” in the horse. Congenital 
heart disease is a frequent finding in human beings with 
infective endocarditis” but has not been reported in the 
horse. Many species of bacteria cause infective endocardi- 
tis in the horse. Streptococcus spp. and Actinobacillus spp. 
are the most common organisms cultured from horses 
with infective endocarditis although a wide range of 
pathogens has been reported. Two reports of infective 
endocarditis were attributed to fungal infection with 
Aspergillus and Candida species.”’* Borrelia burgdorferi has 
also been implicated.” 

Bacteraemia allows bacteria to reach the heart by hae- 
matogenous spread through blood in the chambers of the 
heart. Breaks in the endothelial surface may occur in three 
ways: (1) high-velocity jet impacting the endothelium; (2) 
flow from high to low pressure chamber; and (3) flow 
across a narrow orifice at high velocity.’ The organism 
invades the valve through breaks in the endothelial 
surface. Ifthe endothelium on the valve surface is damaged, 
platelets and fibrin are deposited. The platelet—fibrin 
complex is more receptive to bacterial colonization than 
intact endothelium and shields the bacteria from phago- 
cytosis. Papilliferous masses of platelets, fibrin and bacte- 
ria supported by a bed of granulation tissue develop on 
the valve surface and are known as vegetations. Vegeta- 
tions are found at the valve-closure line in the atrial 
surface of the atrioventricular valves and on the ventricular 
surface of the semilunar valves. 

The clinical signs of infective endocarditis result from: 
(1) local destructive effects of intracardiac infection; (2) 
embolization of fragments of the vegetations to distant 
sites resulting in infection or infarction; (3) haematoge- 
nous seeding of remote sites during continuous bacterae- 
mia and metastatic infection; and (4) deposition of 
immune complexes in tissues resulting in synovitis and 
glomerulonephritis.** The vegetations distort the valvular 
architecture, which leads to valvular incompetence and/or 
stenosis and cardiac murmur. If regurgitation through the 
affected valve is sufficient, congestive heart failure can 
develop. In addition, local destruction of tissues may lead 
to chordae tendineae rupture and perforation or fistulas 
between cardiac chambers or major blood vessels. Myo- 
cardial infection and myocardial microabscess may cause 
disruption of the conduction system, dysrhythmias and 
myocardial failure. Arterial emboli originating from the 
vegetation most commonly affect the coronary arteries, 
kidney, spleen, brain and lung, resulting in specific clinical 
signs.” 

The haemodynamic consequences of infective endocar- 
ditis are dependent on the valve(s) affected, degree of 
regurgitation and severity of the infection. In cases of 
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mitral valvular lesions and significant regurgitation, the 
excessive pressure in the left atrium may be transferred 
retrograde to the pulmonary vasculature and pulmonary 
oedema may develop. The high pressures may also be 
transferred to the pulmonary artery and right heart result- 
ing in signs of right heart failure with the potential for 
pulmonary artery rupture. In general, aortic regurgitation 
is better tolerated in the horse. Moderate to severe aortic 
regurgitation may cause left ventricular volume overload, 
dilation and subsequent mitral regurgitation. Tricuspid 
regurgitation is less likely to have significant haemody- 
namic effects but the potential for right heart failure exists. 


Clinical pathology 
( IE) 


Hyperfibrinogenaemia, leucocytosis with a mature 
neutrophilia, hyperproteinaemia and anaemia are the 
most common abnormal laboratory findings in horses 
with infective endocarditis.” Hyperproteinaemia reflects 
hypergammaglobulinaemia. The anaemia is nonregenera- 
tive and is typical of anaemia of chronic disease. Throm- 
bocytopaenia occurs uncommonly. Prerenal azotaemia 
may accompany dehydration or shock. Azotaemia may 
also be found in patients with bacterial endocarditis if 
congestive heart failure, immune mediated glomerulone- 
phritis or renal infarcts or emboli are present. Serum 
amyloid A and cardiac troponin I may also be useful in 
diagnosis and monitoring of treatment. 

Bacteraemia associated with bacterial endocarditis is 
continuous but the number of bacteria at any one time 
may fluctuate.” Ideally, three blood cultures should be 
obtained at least 1 hour apart prior to the initiation of 
antimicrobial therapy. Blood should be cultured in aerobic 
and anaerobic media for at least 4 days before determining 
that the culture is negative. Obtaining blood for cultures 
during peak temperature elevation has not been shown to 
increase the number of positive cultures.” Previous anti- 
microbial administration has been shown to inhibit 
positive blood culture for 7-10 days in human beings.” 
Therefore, withholding antimicrobials to improve the 
success rate of a positive blood culture is not warranted in 
the acute case. Antimicrobial removal devices have been 
shown to be effective in increasing the likelihood of a 
positive blood culture in patients that are receiving anti- 
microbials.** Negative blood cultures should not rule out 
bacterial endocarditis especially in horses previously 
treated with antimicrobials. 


Echocardiography 
( IE) 


Echocardiography provides an accurate diagnosis by iden- 
tifying the location of the lesion(s) and determining its 
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size. It should be performed in all patients suspected 
of infective endocarditis regardless of a negative blood 
culture. Echocardiography is also useful in formulating a 
prognosis by assessing degree of chamber enlargement, 
severity of regurgitation and extent of myocardial dysfunc- 
tion. In humans transoesophageal echocardiography 
using biplane technology is the preferred approach. Due 
to size and financial limitations, this technology is not 
used in clinical practice in the horse. Vegetative lesions on 
the valves, chordae tendineae, mural endocardium or 
intimal surface of the great vessels appear as irregular 
shaggy hypoechoic to echogenic masses on the echocar- 
diogram. Vegetative lesions that extend from the valve 
margins can result in a flailing motion with movement of 
the affected valve leaflet. The shaggy thickened appearance 
of the valve may also be detected on M-mode echocardi- 
ography. Ruptured chordae tendineae associated with veg- 
etative lesions may also be detected with echocardiography 
as a flail valve leaflet. Extension of the infection beyond 
the valve leaflet worsens the prognosis. In less severe cases, 
the lesion may appear as an irregular thickening. These 
lesions may be difficult to distinguish from severe degen- 
erative valvular disease. Clinical signs, clinical pathology 
data, age of the animal and response to therapy must all 
be taken into account in these cases. Appropriate anti- 
microbial therapy should be initiated until an alternative 
diagnosis is reached. ( ` RCT) 

Doppler interrogation of the affected valve should be 
performed to semiquantitate the severity of regurgitation 
or stenosis and spectral and colour flow Doppler are used 
to map the size and location of the regurgitant jet””** (see 
Chapter 9). In significant mitral regurgitation, left atrial 
and ventricular enlargement are present.** The severity of 
the enlargement is dependent on the amount and dura- 
tion of the regurgitation and may be relatively mild in the 
early stages of the disease even in the presence of severe 
regurgitation. Rounding of the left ventricular apex sug- 
gests left ventricular volume overload. The left parasternal 
2-chamber view of the left atrium provides the best image 
to measure left atrial diameter.” Increases in left atrial 
pressures create a turgid round appearance of the left 
atrium and bulging of the interatrial septum to the right.” 

Dilation of the pulmonary artery is an indicator of pul- 
monary hypertension.” The pulmonary artery diameter 
obtained in the two-dimensional right parasternal view of 
the right outflow tract should be less than or equal to the 
aortic diameter obtained in the right parasternal left 
outflow tract view.’ If the pulmonary artery diameter 
exceeds the aortic diameter, pulmonary hypertension is 
present. Horses with pulmonary hypertension are at risk 
for sudden death secondary to rupture of the pulmonary 
artery.” A smaller than normal aortic diameter is compat- 
ible with low left ventricular output and left heart failure.** 

Moderate to severe aortic regurgitation results in left 
ventricular volume overload™ and in left ventricular dila- 
tion the interventricular septum and left ventricular free 


wall may become thin.””** Fractional shortening is 


expected to be above normal in horses with volume over- 
load and concurrent normal myocardial function. A 
normal or decreased fractional shortening is indicative of 
myocardial dysfunction.””** The aortic root becomes 
dilated in moderate to severe aortic regurgitation most 
likely because of increased blood flow into the aorta.””** 
Premature closure of the mitral valve may occur in cases 
of severe regurgitation due to the volume overload.” In 
addition, the septal leaflet of the mitral valve may have 
high-frequency diastolic flutter visible on M-mode 
echocardiography.” ***° 

Doppler echocardiography of the aortic valve can be 
performed from the right parasternal long-axis view of the 
left outflow tract, the right parasternal short-axis view of 
the aorta or the left parasternal long-axis view of the left 
outflow tract. The most parallel flow signal is from the left 
parasternal window.” Aortic regurgitation jets are either 
directed towards the left apex or travel laterally towards 
the left ventricular free wall.’ A sharp decline (steep 
slope) in the continuous wave Doppler spectral tracing of 
the aortic regurgitation indicates a rapid increase in left 
ventricular diastolic pressure and severe aortic regurgita- 
tion.” The severity of regurgitation is determined by the 
distance the regurgitant jet travels into the left ventricular 
outflow tract and the width of the jet at its origin.” A 
regurgitant jet that extends into more than two-thirds of 
the left ventricular outflow tract beyond the septal leaflet 
of the mitral valve is considered severe.** 

When tricuspid regurgitation is moderate to severe, right 
atrial enlargement will be present.” Volume overload of 
the right ventricle will present with right ventricle enlarge- 
ment and possible dilation.” Paradoxical septal motion 
occurs when there is severe tricuspid regurgitation and 
right ventricular volume overload.” A regurgitant jet that 
occupies more than two-thirds of the atrium is considered 
severe.” 

Serial echocardiography can be used to assess therapeu- 
tic success. A decrease in lesion size, increase in echogenic- 
ity of the lesion and smoothing of the vegetative lesion is 
consistent with resolution of the infection as a result of 
fibrous scar tissue formation and contracture. However, 
studies in human beings indicate that infective endocardi- 
tis that is ultimately successfully treated with antimicro- 
bial therapy may not show any change in the appearance 
of the lesions.** Changes in vegetations must be inter- 
preted in a clinical context and do not in themselves reflect 
the efficacy of therapy.” 


Treatment and prognosis 


Treatment of horses with bacterial endocarditis should be 
rapid, appropriate and prolonged. Bactericidal antimicro- 
bial agents based on the sensitivity pattern of the organism 
should be chosen if possible. However, broad-spectrum 
antimicrobials should be initiated before blood culture 
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results are available or if a negative blood culture is 
obtained. Delay in antimicrobial therapy may lead to 
progression of the associated cardiac disease. Penicillin 
and gentamicin are the most commonly selected 
choices.™?>781%!? Other antimicrobials including enro- 
floxacin, ampicillin, trimethoprim sulphonamide,*” 
metronidazole,” oxytetracycline,° ceftoxamine™ and 
rifampicin'* have also been described with none emerging 
as superior to the others.™"*>7!21317 Bactericidal drugs are 
preferable to bacteriostatic drugs in this life-threatening 
bacteraemia. Successful treatment of fungal infective 
endocarditis has not been described.” Although the appro- 
priate duration of therapy is unknown, reports of success- 
ful outcome in the literature suggests a minimum of 5-6 
weeks.'*"'* Resolution of clinical signs, a decrease in size, 
an increase in echogenicity and smoother appearance of 
the lesion on echocardiographic examination and reduc- 
tion in leucocytosis and hyperfibrinogenaemia should be 
used to determine the duration of antimicrobial therapy. 

A diagnosis of mitral and/or aortic valve infective endo- 
carditis carries a grave prognosis. Only a few cases of suc- 
cessful treatment of bacterial endocarditis involving the 
mitral or aortic valve have been reported in the horse. '™” 
Although a bacteriological cure may be achieved, valvular 
endocarditis usually results in regurgitation through the 
affected valve. Because of the high left heart pressures 
regurgitation through the mitral or aortic valve often leads 
to left ventricular volume overload, ventricular dilatation 
and ventricular dysfunction resulting in congestive heart 
failure. Systemic arterial emboli originating from a left- 
sided vegetative lesion most commonly affects the 
coronary artery and kidneys.’ Cardiac dysrhythmias may 
occur secondary to myocardial infarction. Renal failure 
may result from renal infarction or immune complex 
deposition.” 

The prognosis for infective endocarditis involving the 
tricuspid and/or pulmonary valve is guarded. Although 
regurgitation through the tricuspid or pulmonary valve is 
persistent despite bacteriological cure, the lower right- 
sided pressures in the heart are less likely to lead to conges- 
tive heart failure. In human beings, death secondary 
to right-sided bacterial endocarditis is usually due to 
extracardiac manifestations.” Pneumonia and pulmonary 
embolism can occur due to dislodgement of part of a 
vegetative lesion. 


PERICARDITIS 


Pericarditis, an inflammatory condition of the pericar- 
dium, is classified as effusive, fibrinous or constrictive. 
Effusive pericarditis is characterized by fluid accumulation 
in the pericardial sac. Fibrinous pericarditis is typified by 
fibrin in the pericardium. Constrictive pericarditis occurs 
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when fibrous tissue of the pericardial or myocardial tissue 
results in compression of the heart. The right ventricle is 
more vulnerable to the increased pressure than the left and 
diastolic filling is impaired. Horses usually present with 
signs of right heart disease. With early recognition and 
appropriate aggressive treatment a successful outcome is 
possible. 


Clinical signs 
(PC) 


There is no breed predilection. In two studies, younger 
horses seemed at increased risk.***’ Male intact horses 
were over-represented and geldings under-represented in 
one retrospective study.** It is more common in men than 
in women.” Reasons for presentation are equally as likely 
to be respiratory as cardiac and almost always include a 
history of fever and depression. Almost all horses have 
tachycardia.*® Pericardial friction rubs are usually bi- or 
triphasic and most often occur when there is little to no 
effusion within the pericardial sac. The noise is generated 
by friction between the roughened visceral and epicardial 
surfaces. Muffled heart sounds were present in less 
than half of the horses examined in one retrospective 
study.*° Other clinical signs include murmurs, venous 
distension, jugular pulses, weak arterial pulses and ventral 
oedema.***””? In one study, 75% of the cases also pre- 
sented with respiratory signs, the most common of which 
was a dulling of the lung sounds ventrally suggestive of 
pleural effusion.” This frequent co-occurrence of pleuro- 
pneumonia/pleuritis and pericarditis highlights the neces- 
sity for careful cardiac evaluations in cases presenting for 
respiratory disease. Occasionally, horses may present with 
anorexia and signs of colic.“"” 


Pathophysiology 
( PC) 


Three types of pericarditis have been distinguished: effu- 
sive, fibrinous and constrictive. Effusive pericarditis results 
in the accumulation of fluid in the pericardial sac.“ A large 
amount of fluid in the pericardial sac interferes with 
diastolic filling of the heart and has the greatest impact on 
the more compressible lower pressure right heart. Venous 
return is impaired throughout the entire cardiac cycle. 
Impaired venous return results in decreased diastolic myo- 
cardial perfusion and myocardial hypoxia resulting in 
decreased myocardial contractility. This decreased myo- 
cardial contractility, in conjunction with the decreased 
stretching of the myocardium secondary to reduced 
diastolic ventricular filling, results in a decreased stroke 
volume and cardiac output. Clinical signs of right-sided 
heart failure become apparent with venous distention, 
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jugular pulses, oedema and ascites developing. The sever- 
ity of clinical signs increases proportionally with the 
absolute amount of fluid present and the rate of its 
accumulation. The state of haemodynamic compromise 
caused by excessive pericardial fluid and defeating 
cardiac compensatory mechanisms is termed cardiac 
tamponade. 

With fibrinous pericarditis, fibrin is present within the 
pericardial sac. Fibrin in the pericardial sac, if plentiful 
enough, restricts cardiac function. If fibrin matures to 
fibrous tissue or pericardial or myocardial injury result in 
fibrosis, then ventricular compliance may be compro- 
mised and constrictive pericarditis may result. With con- 
strictive pericarditis, initial diastolic filling is unimpeded 
but when a critical diastolic volume is reached filling 
ceases abruptly. The restricted filling decreases preload and 
therefore cardiac output is decreased. As the diastolic 
volume of the right side of the heart is greater than 
that of the left, signs of right-sided heart failure are 
apparent first." 

By far the most common form of pericarditis in the 
horse in a recent study was fibrino-effusive.** Both fibrin 
and fluid can theoretically muffle heart sounds although 
fluid is more characteristically associated with this phe- 
nomenon. Fluid and/or fibrin in the pericardial sac should 
be suspected if muffled heart sounds are present on aus- 
cultation but should not be ruled out if heart sounds are 
not muffled. Pericardial friction rubs are believed to be 
caused by the rubbing of the inflamed pericardial layers 
and sound like “a creaking leather saddle,” “walking on 
dry snow” or a saw on wood.” They can be biphasic 
(systolic and diastolic) or triphasic (systolic, diastolic and 
presystolic). Infrequently they are monophasic and can be 
confused with cardiac murmurs. Their presence or absence 
appears also to be unrelated to the presence or absence of 
fluid or fibrin in the pericardial sac. 


Aetiology 


The most common causes of pericarditis in horses include 
immune-mediated diseases, bacterial infections and viral 
infections. Neoplasia is an infrequent cause of pericarditis 
and heart failure but trauma/vessel rupture are differen- 
tials for pericardial effusion. In most cases of pericarditis, 
the etiology is not determined, making idiopathic pericar- 
ditis the most frequent diagnosis.*° 

In human beings, the idiopathic form is a very common 
etiological diagnosis for pericarditis, second only to meta- 
static neoplasia.‘ Idiopathic pericarditis in human beings 
is believed to be viral in origin as it frequently occurs in 
patients with a history of viral respiratory illness and/or 
positive serum titres to respiratory viruses. Respiratory 
viruses have also been successfully isolated from the myo- 
cardium and pericardial fluid of human patients with peri- 
carditis. Viruses may lead to the development of pericarditis 


via numerous pathways.“ They may play a primary role 
as they are capable of direct cytopathic activity. They may 
also be indirectly responsible for the development of peri- 
carditis via the induction of immune-mediated processes. 
The presence of virus in tissues is associated with infiltra- 
tion by cytotoxic lymphocytes. Viruses have also been 
demonstrated to encourage the formation of immune 
complexes that are secreted into serous effusions and 
induce inflammation by activating complement and 
attracting leucocytes. 

In horses with pericarditis, as with human beings, there 
is often a history of respiratory disease or concurrent res- 
piratory disease. The association of pericarditis with pleu- 
ritis or pleuropneumonia has been well documented.*°***° 
In several cases, equine herpes virus has been impli- 
cated.**' Sometimes, other clinical signs such as purpura 
haemorrhagica, vasculitis and haemolytic anemia also 
suggest an immune-mediated etiology.” 

Bacteria infection is another major cause of pericarditis 
in the horse. Streptococcus and Actinobacillus species are the 
most common isolates from pericardial fluid in horses 
with bacterial pericarditis.°°*"°**>? Other bacteria includ- 
ing Escherichia coli, Enterococcus faecalis and Corynebacte- 
rium pseudobacterium have been reported.” In the spring 
of 2001, an epidemic of equine pericarditis occurred in 
Kentucky in association with mare reproductive loss syn- 
drome. Actinobacillus species was isolated from 11 of 34 
cases from the pericardial fluid. Exposure to Eastern tent 
caterpillars was the greatest risk factor and temporal dis- 
tribution suggested a point source infection.** Changes in 
immune system function may be responsible for facilitat- 
ing infection with Actinobacillus species in these cases. 

PC) 

Other less common reported causes of equine pericar- 
ditis are Mycoplasma felis, trauma from an external thoracic 
injury, penetrating foreign bodies entering through the 
gastrointestinal tract and iatrogenic penetration during 
bone marrow aspiration.” ”” The definitive identification 
of the etiology of pericarditis in horses is rare and the use 
of more sophisticated diagnostic tools such as virus isola- 
tion, immunohistochemical studies, and pericardial and 
myocardial biopsies will be necessary to decrease the 
number of cases labelled as idiopathic. 


Clinical pathology 
( PC) 


No specific clinical laboratory findings are characteristi- 
cally associated with pericarditis. Depending upon the 
etiology, one may see a leucocytosis or a hyperfibrinogen- 
aemia. If the pericarditis is of longstanding duration, 
associated with another longstanding disease, or associ- 
ated with immune-mediated processes, then anaemia may 
be evident. Pericarditis producing heart failure may result 
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in prerenal or renal azotemia, hyponatraemia and 
hyperkalaemia.*° 

Although often unrewarding, diagnostic laboratory tests 
must include analyses of pericardial fluid. Normal pericar- 
dial fluid should contain <1500 x 10° nucleated cells/L 
and have a protein content of <2.5 g/L.” The diagnosis of 
septic pericarditis is based on the presence of increased 
numbers of degenerative neutrophils in the pericardial 
fluid with or without the presence of bacteria. Cultures of 
pericardial fluid rarely yield positive results and if possible 
should be performed before antimicrobial therapy is insti- 
tuted.” Idiopathic or immune-mediated pericarditis 
is characterized by increased protein and nondegenerate 
neutrophils in the pericardial fluid.“ Other diagnostic 
tests that can be performed in an effort to determine the 
etiology include viral titres for equine herpes virus, equine 
viral arteritis and equine influenza. If respiratory disease 
is present, culture and sensitivity and cytology of pleural 
and transtracheal wash fluids are recommended. 


Echocardiography 
(PC) 


Echocardiography is undoubtedly the most useful diag- 
nostic tool in the diagnosis and treatment of pericarditis. 
The definitive characterization of the nature of the pericar- 
ditis is only possible with the aid of echocardiography. 
Pericardial fluid can be seen as an anechoic space separat- 
ing the parietal pericardium from the epicardial surface of 
the heart. Fibrin is hypoechoic to hyperechoic, usually 
shaggy and variably distributed throughout the pericardial 
sac. Echocardiography is also invaluable for assessing the 
impact of the pericarditis on cardiac function. Echocardio- 
graphic findings consistent with cardiac tamponade 
include: overall decreases in cardiac chamber sizes, right 
atrial collapse, right ventricular early diastolic collapse, left 
atrial collapse, abnormal variations in ventricular dimen- 
sions and mitral and tricuspid valve flow with phases of 
respiration, decreased mitral valve anterior leaflet opening 
(DE) with a slowing of the closure (decreased EF slope), 
and decreased fractional shortenings of the left ventricle.’ 
Appreciable echocardiographic changes occurring with 
constrictive pericarditis include the abrupt cessation of 
ventricular filling during early diastole, diastolic flattening 
of the left ventricular free wall and abnormal increases in 
tricuspid flow with abnormal decreases in mitral flow 
during inspiration.“ Pericardial thickening is often not 
appreciable. Computed tomography and magnetic reso- 
nance imaging are the modalities of choice for demon- 
strating thickened pericardium in human beings. By 
permitting assessment of cardiac function, echocardiogra- 
phy plays an essential role in the determination of the 
necessity for pericardial drainage. In addition, it is useful 
for guidance of pericardiocentesis and monitoring for 
fluid reaccumulation and resolution of fibrin. 


222 


Electrocardiography 
( PC) 


Decreased amplitude of the QRS complex and electrical 
alternans are electrocardiographic findings traditionally 
associated with pericardial effusions.** Decreased QRS 
amplitude is due to fluid dampening and short circuiting 
the electrical signal. A decrease in QRS amplitude is not a 
specific finding, however, since it also occurs with chronic 
pleuritis, recurrent airway obstruction, obesity, diaphrag- 
matic hernias, thoracic masses and chronic wasting 
disease. Electrical alternans is due to the swinging of the 
heart in the pericardial fluid and is a pathognomonic 
finding. ST segment and T wave abnormalities may also 
occur due to inflammation of subpericardial myocardium 
(superficial myocarditis) causing changes in the propaga- 
tion of electrical signals. 


Radiography 


Thoracic radiographs are of questionable utility in the 
diagnostic work-up of pericarditis. No information about 
the heart can be obtained which is not more readily avail- 
able using echocardiography. Radiographs may be useful 
in the work-up of concurrent respiratory disease especially 
in foals. Thoracic ultrasound is usually more useful in the 
work-up of concurrent respiratory disease in adults. 


Cardiac catheterization 


Cardiac catheterization and right ventricular pressure 
tracing can provide a definitive diagnosis in constrictive 
pericarditis.” There is equalization of the right atrial and 
ventricular pressures and dip-and-plateau configuration of 
the right ventricular pressure curve that reflects the abrupt 
termination of diastolic filling when the limit of compli- 
ance of the pericardium is reached. 


Treatment and prognosis 
(PC) 


Treatment should include rest for all animals. Aggressive 
treatment with broad-spectrum antimicrobials is recom- 
mended if bacterial involvement is suspected. When viral- 
or immune-mediated etiologies are suspected, and signs 
of active bacterial infections are absent, corticosteroids can 
be administered. The use of corticosteroids in suspected 
virally mediated pericarditis is controversial in both 
human and equine medicine. The bulk of the evidence 
suggests that the benefit of decreasing the immune-medi- 
ated sequelae of viral infections outweighs the risk of viral 
recrudescence.*"”’°° 

When effusions are moderate to severe and compromis- 
ing cardiac function, pericardiocentesis and lavage are the 
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treatments of choice.“ ‘°> Drainage of the pericardial 


effusion usually results in immediate attenuation of the 
signs of cardiac compromise. An electrocardiogram should 
be performed during the procedure to monitor for dys- 
rhythmias. Catheters can be left indwelling without com- 
plications until fluid production has decreased significantly 
which is usually between 24 and 48 hours. Lavage of the 
pericardial sac with 1-2 L of 0.9% saline is recommended. 
One litre of 0.9% saline spiked with antimicrobials such 
as sodium penicillin, gentomicin or ceftiofur has been 
found to be successful.’ Twice daily lavage is recom- 
mended until the amount of fluid drained is less than the 
amount of fluid infused. The rationale underlying lavage 
is removal of fibrin, bacteria, immune complexes, inflam- 
matory cells and their byproducts.” Although levels of 
intravenously administered antimicrobials have been 


demonstrated to be equivalent to or higher in pericardial 
fluid than in serum, intrapericardial administration of 
antimicrobials allows guaranteed high levels for aggressive 
treatment.” 

Fortunately, in horses, constrictive pericarditis is rarely 
a sequela to other more common forms of pericarditis. 
There is only one report of an attempted pericardiectomy 
in a horse and the surgery proved unsuccessful.** 

With prompt and aggressive treatment, the prognosis 
for horses with idiopathic pericarditis is favourable.*°” 
Septic pericarditis carries a guarded prognosis, but with 
drainage and lavage a positive outcome can be achieved.*°? 
Thus, current data demonstrate that when properly 
diagnosed and aggressively treated pericarditis need 
not be a fatal or even a future performance-limiting 
disease. 
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DEFINITIONS 


The term “collapse” is used to describe signs of varying 
severity and duration where animals fall and become 
recumbent with or without a loss of consciousness. The 
animal may recover, in which case it may suffer recurring 
episodes, or it may die. Collapse in the horse may be 
associated with disorders not only of cardiovascular 
origin, but also musculoskeletal, respiratory, neurological 
and metabolic disease. Note that many debilitating disease 
processes may cause recumbency secondary to weakness, 
but that in these cases no particular event initiating col- 
lapse can be identified: in these cases owners may describe 
their horse as having collapsed when it has lain down 
suddenly, for example, because of abdominal pain. 

The term “syncope” describes a transient and abrupt 
loss of consciousness and postural tone associated with 
inadequate cerebral blood flow often due to a cardio- 
vascular anomaly: either a sudden reduction in cardiac 
output or a loss of vasomotor tone resulting in peripheral 
vasodilatation. In both circumstances, the result is an 
abrupt fall in blood pressure. Therefore, horses with 
collapsing episodes of cardiovascular origin are often 
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undergoing syncope. However, occasionally a disturbance 
of cerebral nutrient blood flow composition may be the 
cause of syncopal attacks (e.g. hypoxia, hypercapnia, 
hypoglycaemia). 


INTRODUCTION 


Collapse in the adult horse poses a considerable challenge 
for the veterinary surgeon attempting to establish the 
diagnosis and any appropriate treatment. Not surprisingly, 
owners are often more concerned about prognosis than 
diagnosis and in horses with a history of collapse at exer- 
cise, human safety becomes a concern and an accurate 
prognosis is essential. This task is often made more diffi- 
cult because the clinician may not have observed the 
episode and has to rely on descriptions from the owner, 
which may lack detail and clarity. Furthermore, the 
incident(s) may not have had any clear predisposing 
cause, may be sporadic and the animal may appear normal 
on clinical examination or by the time specific diagnostic 
procedures can be performed. In such cases, deliberately 
precipitating an attack may be impossible or may further 
alarm an already worried owner and potentially put the 
animal’s life at risk. These constraints may tempt the 
clinician to offer an “on-the-spot” diagnosis by using 
lay terms such as “heart attack,” “stroke” or “fit” without 
considering a logical and disciplined approach to the 
case. Indeed, a “heart attack” or “stroke” is often consid- 
ered the most likely diagnosis by the owner because 
of the not unnatural extrapolation from the situation in 
humans. 

The difficulty in establishing a diagnosis for many cases 
of nonfatal collapse is reflected by the lack of relevant 
studies and reports. For comparison, there are a number 
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Figure 18.1 Diagnoses in 44 horses presented for cardiological investigation with a history of collapse. 18% were 
undiagnosed. Neurological conditions were most common in horses that collapsed at rest. Cardiological conditions were most 
common in horses that collapsed during exercise. Metabolic conditions, such as heat exhaustion, were most common in 
horses that collapsed after exercise. (R. Piercy, V. B. Reef and C. M. Marr, unpublished data.) 


of reports of studies associated with investigating sudden 
death in the horse,*'® which is due in part to the relative 
ease in establishing a diagnosis at necropsy. Nevertheless, 
even with extensive post-mortem examination, the cause 
of death is not determined in approximately 30% of 
horses that die suddenly. However, it is important to con- 
sider that the cause of collapse in one horse may be the 
cause of sudden death in another, or that a number of 
collapsing episodes may occur in an individual before a 
fatal attack, or that a collapsed horse may subsequently 
die. In a review of 69 cases of sudden and unexpected 
death, in 24 of the cases, collapse and subsequently death 
were observed; in 6 of those 24 horses, death was due to 
trauma. Cardiovascular reasons were implicated as the 
cause of death in nine horses: six died from internal haem- 
orrhage, one had aortic valvular disease, one had ruptured 
chordae tendineae of the mitral valve and one had a ver- 
minous granuloma in the coronary artery. In the remain- 
ing nine, seven of which had died at exercise, a post-mortem 
examination failed to reveal pathological changes and a 
functional cardiac disorder was postulated." 

Circulatory causes of nonfatal collapse in the horse 
occur commonly: 8.5% of horses referred for a second 
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opinion for evaluation of the cardiovascular system at a 
referral centre had actually collapsed, and a further 11% 
had a history of inco-ordination, stumbling or unsteadi- 
ness and/or recumbency.” Figure 18.1 details the final 
diagnosis for 44 horses presented with a history of col- 
lapse after referral for cardiac investigation at a veterinary 
hospital. The cardiovascular causes of collapse in this 
group are illustrated in Figure 18.2. 


CARDIOVASCULAR AND 
CIRCULATORY CAUSES OF COLLAPSE 


Syncope 


Horses that have suffered one or more episodes of acute, 
nonfatal collapse may be suspected of suffering from 
syncope. Usually there is little or no warning of collapse 
and, because of cerebral hypoxia, a temporary, quiet, com- 
atose state ensues.'® The animal may go on to recover or 
progress to die, in which case other signs of cardiac failure 
usually become evident. 
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Figure 18.2 Specific cardiological conditions in 16 horses presented for investigation of collapse. Undefined dysrhythmias 
were diagnosed if a dysrhythmia had been auscultated at or around the time of the collapse episodes but was not 
documented electrocardiographically. Myocardial disease and dysrhythmias were much more frequent than valvular disease. 

In both horses that collapsed because of valvular insufficiency, the valvular regurgitation was severe and there were additional 
cardiovascular problems. APDs, atrial premature depolarizations. (R. Piercy, V. B. Reef and C. M. Marr, unpublished data.) 


An alert state is maintained through multiple sensory 
inputs to the reticular activating system in the rostral brain 
stem and subsequently to the thalamus and cerebral cortex 
where consciousness is maintained'®: in human beings 
it has been estimated that cerebral oxygen delivery of 
approximately 3.5 mL oxygen/100 g tissue each minute 
is required for consciousness.'””° A reduction of cerebral 
oxygen delivery below this level for periods of 10 seconds 
or more is associated with loss of consciousness and pos- 
tural tone.” Cerebral blood flow is usually carefully main- 
tained at a relatively constant level of 50-60 mL/100 g of 
tissue/minute by autoregulation: a drop to half this level 
may precipitate a syncopal attack. Cerebral blood flow is 
influenced by PaCO,, PaO, and pH; however, autonomic 
control mechanisms (that profoundly affect blood flow in 
the rest of the body) appear to be capable of only fairly 
small changes in brain blood flow because of relatively 
sparse innervation.” 

An abrupt fall in systemic arterial blood pressure may 
result from acute haemorrhage, pump failure, the sudden 
onset of a dysrhythmia, autonomic effects following 
carotid sinus stimulation or changes in vagal tone. It may 
also occur following the sudden failure of a mechanism 
that has previously compensated for a pre-existing cardio- 
vascular problem. If the mechanisms discussed above for 
the regulation of cerebral blood flow cannot compensate 
for the fall in blood pressure, then syncope will result. If 
short lived, the attack is only transient; however, pro- 
longed lack of oxygen and other nutrients to the brain lead 
to severe global cerebral dysfunction, irreversible damage 
and eventually death. 


Acute haemorrhage 


Acute haemorrhage leading to collapse occurs with the 
rupture of major vessels such as the aorta’*** (Fig. 18.3), 
the pulmonary artery” (Fig. 18.4), the anterior mesenteric 
artery and the uterine arteries.” Shock and rapid death 
can follow profuse haemorrhage into the pleural or 
abdominal cavities. Collapse and haemorrhagic shock 
may also occur following rupture of vessels associated 
with the guttural pouch in disorders such as empyema 
and mycosis or with severe exercise-induced pulmonary 
haemorrhage.” 

While rupture of any major vessel is possible, if the 
horse survives the episode, the specific site may not be 
identified. However, certain vessels appear to be ruptured 
more commonly because of pre-existing disease. Rupture 
of the pulmonary artery leading to syncope or sudden 
death has been reported in association with pulmonary 
hypertension caused by patent ductus arteriosus™ and 
severe mitral insufficiency” (see Fig. 18.4). 

Aorto-cardiac fistula is a particularly well-documented 
cause of vessel rupture, occurring most commonly in stal- 
lions: in one report, four of the eight cases collapsed and 
died within minutes of covering.” On post-mortem exam- 
ination, tears of the aortic ring were identified extending 
from the right coronary sinus into the right ventricle 
similar to that shown in Figure 18.3. Some cases die 
suddenly” but horses can survive formation of an aorto- 
cardiac fistula for periods varying up to 12 months.” 
A characteristic low-pitched continuous murmur may be 
auscultated over the right thorax and monomorphic 
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Figure 18.3 A post-mortem specimen from a 7-year-old 
Thoroughbred gelding that collapsed while galloping and 
subsequently died. There is a ruptured aneurysm forming a 
fistula between the right sinus of Valsalva and the right 
atrium. Ao, aorta; RCA, right coronary artery; RCC, right 
coronary cusp of the aortic valve. 


ventricular tachycardia is often present due to disruption 
of the conduction tissue by a dissecting haematoma” that 
can be visualized by echocardiography. Some horses 
appear to have abdominal pain but this may in fact be 
thoracic pain that can be difficult to distinguish from that 
arising from the abdomen.**** The pathogenesis remains 
unclear: aortic root rupture may be due to congenital 
abnormalities, cardiac degenerative changes, associated 
with chronic aortic insufficiency or occur because of pre- 
existing sinus of Valsalva aneurysm.*°** ( ° ACF) 
Collapse and death may occur as a result of the rupture 
of arteries at or near parturition: the utero-ovarian, middle 
uterine and external iliac arteries are most commonly 
affected. This is also a common cause of abdominal pain 
and haemoperitoneum in the periparturient brood 
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Figure 18.4 A post-mortem specimen from an aged mixed 
breed gelding that collapsed several times over the weeks 
preceding euthanasia due to pulmonary artery (PA) rupture 
secondary to severe mitral insufficiency and congestive heart 
failure. RVOT, right ventricular outflow tract. 


mare. Pre-existing degenerative changes are thought to be 
responsible, in combination with the stresses associated 
with late gestation and parturition.” 

Neoplasia should be considered as a possible underly- 
ing cause of pleural or abdominal haemorrhage. The 
rupture of a thoracic haemangiosarcoma with correspond- 
ing collapse and death from haemorrhagic shock has been 
reported” as has sudden death, caused by thoracic lym- 
phosarcoma.’” Collapse and sudden death in a Thorough- 
bred stallion during breeding have been associated with 
intraseptal haemorrhage and atrioventricular node disrup- 
tion caused by a malignant melanoma."* 


Acute cardiac failure 


Inadequacy of the pumping mechanism of the heart can 
have profound effects on arterial blood pressure and 
hence cerebral blood flow. The most notable spontaneous 
example is probably mitral valve chorda tendinea rupture 
leading to severe valve incompetence, regurgitation into 
the left atrium during systole, pulmonary congestion 
and oedema’ (Fig. 18.5, see Chapter 19). ( ° RCT) These 
horses may collapse with severe dyspnoea and cyanosis.*° 
A loud pansystolic murmur is audible over the left thorax 
with often a palpable thrill. If the horse survives, clinical 
signs may improve; however, generally the murmur 
remains, loudest over the mitral value, and a loud third 
heart sound may be audible and there may be caudal 
extension of the cardiac area of auscultation associated 
with left atrial dilatation. This may be followed by the 
progression to cardiac failure, possibly with further epi- 
sodes of collapse, often exacerbated by exercise.’?”*” 


Figure 18.5 A post-mortem specimen from a 6-year-old Irish 
Draught gelding with rupture of a chorda tendinea of the 
mitral valve. The ventricle has been filled with water which 
causes the valve to close and the ruptured chorda is visible 
within the atrium. 
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Dysrhythmias 


Cardiac rhythm disturbances are amongst the more 
common causes of collapse, particularly in horses that 
collapse during exercise (Fig. 18.6). Collapsing episodes 
occur as a result of failure to maintain cardiac output, 
caused by the inability to regulate either heart rate or 
stroke volume in periods of either brady- or tachyarryth- 
mia.” A normal horse will increase cardiac output at 
submaximal rates (less than 210 bpm) primarily by 
tachycardia; at maximum heart rates of between 210 and 
about 240 bpm increasing cardiac output is achieved with 
increased stroke volume” (see Chapter 3). With tachy- 
arrythmias such as atrial fibrillation“ and ventricular 
tachycardia, heart rates in excess of 240 bpm may be 
reached. In these circumstances there may be limited per- 
fusion of the myocardium during diastole, leading to poor 
contractility and compromised cardiac output as a result 
of inadequate ventricular filling. Disease processes that 
alter myocardial contractility (e.g. focal ischaemia) will 
compound this effect, which may become apparent even 
at submaximal heart rates. ( AE RCT) 


Bradydysrhythmias 


Many normal horses at rest, particularly if fit, show varying 
degrees of first- and second-degree atrioventricular (AV) 
block: sinus rhythm is re-established when heart rate rises 
in response to exercise or excitement. Horses may also 
drop isolated beats immediately following a period of 
exercise as the heart rate slows; again sinus rhythm quickly 
returns. Second-degree AV block is generally of Mobitz 
type 1 classification: i.e. variation in conduction time 
between the atria and ventricles often with the progressive 
lengthening of the R-R interval up to the missed beat. 
Mobitz type 2 AV block with pathology and disruption of 
conduction in the bundle of His is associated with severe 
bradycardia and syncope in humans, but is rare in horses. 
It may, however, be a precursor of complete (third-degree) 
AV block.“ Physiological first- and second-degree AV 
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Figure 18.6 An exercising ECG from a middle-aged riding horse with a history of collapse at exercise. Sustained atrial 
fibrillation was present at rest. During exercise, atrial fibrillation was present and there were runs of rapid ventricular 
tachycardia (under arrows). Recorded at paper speed of 25 mm/second, sensitivity of 5 mm = 1 mV. 
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Figure 18.7 An ECG recorded following light exercise from a middle-aged riding horse with a history of collapse. Advanced 


second-degree AV block is present and there are numerous unconducted P waves (arrows) 


he significance of this 


dysrhythmia was uncertain, because normal sinus rhythm was present during exercise. Recorded at paper speed of 25 mm/ 


second, sensitivity of 5 mm = 1 mV. 


block, which disappear with exercise and excitement, are 
very unlikely to be the cause of collapsing episodes and 
other causes should be considered. 

Second-degree AV block should be regarded with suspi- 
cion though, if there is a history of collapse and it is very 
frequent, it cannot be abolished by exercise or excitement 
or is accompanied by ventricular premature depolariza- 
tions (Fig. 18.7). In one horse with a history of collapse 
at exercise: sinus bradycardia and second-degree AV block 
were detected on 24-hour ambulatory ECG and the horse 
had a maximal heart rate of only 183 beats per minute at 
exercise and an exaggerated bradycardic response follow- 
ing exercise. Sick sinus syndrome and chronotropic 
incompetence were diagnosed.” 

Third-degree AV block, where there is no conduction 
between atria and ventricles, often precipitates syncope, in 
which case the term Adams-Stokes syndrome is used***° 
(see Chapter 13). In one such horse that was observed for 
6 months, collapse occurred towards the beginning of the 
illness, in the first month and in the last days of life; 
however, during the intervening period, attacks did not 
occur spontaneously and could not be precipitated. 
Adams-Stokes attacks appeared to occur when the ven- 
tricular pause was measured between 15 and 18 seconds; 
however, intervals of complete heart block were recorded 
lasting up to 65 seconds and another horse survived for 9 
months with up to 100 attacks per day, before dying sud- 
denly during an attack.“*“*° Haemodynamic measurements 
demonstrated a drop in systolic blood pressure of 
100 mmHg or more during such episodes, with a return 
to normality following each attack. Cases of complete AV 
block (and certain other rhythm disturbances) may show 
resolution of clinical signs following the implantation of 
a pacemaker*”**“° (see Chapter 14). 


Supraventricular dysrhythmias 


Exercise-induced supraventricular tachycardia or frequent 
supraventricular premature depolarizations (see Figs. 
18.2, 18.8) has been detected in horses presented with 
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histories of collapse, however, this appears to be generally 
an uncommon presentation with supraventricular dys- 
rhythmias, and the severity of signs may be dependent on 
the underlying cause rather than the dysrhythmia itself 
(see Chapter 13). Frequent supraventricular premature 
depolarizations may however predispose the horse to par- 
oxysmal or sustained atrial fibrillation. Atrial fibrillation 
may occur spontaneously in an apparently normal horse 
or in horses with a previous good track record, during 
maximal exertion.*”“* There is an abrupt cessation of the 
normal co-ordinated atrial contraction, which terminates 
ventricular filling. This, combined with the disordered 
rhythm, may cause a sudden reduction in cardiac output 
and hence systolic blood pressure with a corresponding 
drop in peripheral perfusion, most notably to the skeletal 
musculature. However, atrial fibrillation is a relatively rare 
cause of collapse: it was detected in only 6 out of 94 horses 
with this presenting history.** Similarly, most horses with 
atrial fibrillation are observed to stop or slow dramatically 
in a race (and are therefore exercise intolerant). Collapse 
itself is rare in horses with atrial fibrillation: of 106 horses 
with atrial fibrillation only two had a history of collapse 
whereas 64 demonstrated exercise intolerance.” ( ° AF) 

In conscious, resting horses, atrial fibrillation is often 
not associated with poor haemodynamic function, par- 
ticularly if there is no underlying cardiac disease.*°” 
Although there are no reports documenting measurements 
of blood pressure before and after the spontaneous devel- 
opment of atrial fibrillation during exercise, it appears that 
atrial fibrillation is most likely to result in collapse if it 
occurs suddenly during exercise, causing an acute change 
in haemodynamics, or if there is concurrent ventricular 
ectopy (see Fig. 18.6). In horses with sustained atrial fibril- 
lation without ventricular ectopy and normal exercising 
heart rates, collapse is unlikely. 


Ventricular dysrhythmias 


The identification of ventricular premature depolariza- 
tions in a horse presented with collapse should be regarded 
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Figure 18.8 Samples of a 24-hour ambulatory electrocardiogram from a 10-year-old event horse with a history of collapse. 
Frequent supraventricular premature depolarizations (arrows), occurring at a frequency of more than 100 per hour, were 
detected. This suggests that the collapsing episodes may be related to paroxysmal atrial fibrillation or rapid supraventricular 
tachycardia. Recorded at a paper speed of 25 mm/second, sensitivity of 5 mm = 1 mV. 


with suspicion (see Fig. 18.1) even though they are com- 
monly encountered in apparently normal racehorses 
during exercise” (see Chapter 11). However, although the 
occasional ventricular premature depolarization is prob- 
ably insignificant, in some circumstances it may progress 
to ventricular tachycardia. A horse with a history of col- 
lapse at exercise in which dysrhythmia is identified there- 
fore warrants further investigation with the use of 
ambulatory and exercising electrocardiography. Ventricu- 
lar dysrhythmias are less common than supraventricular 
dysrhythmias in horses and are more likely to cause a 
reduction in cardiac output sufficient to induce collapse. 
Therefore, if frequent ventricular premature depolariza- 
tions or ventricular tachycardia are present then these are 
likely to be significant (Figs. 18.6, 18.9, 18.10, see 
Chapters 11 and 13). ( = AE RCT) 

Ventricular tachycardia has been associated with 
collapse in a horse that also demonstrated intermittent 
complete AV dissociation.” Syncope was associated with 
prolonged diastolic pauses, immediately followed by par- 
oxysms of ventricular tachycardia. The horse demonstrated 
stupor followed by staggering and collapse. The reported 
causes of ventricular tachycardia include electrolyte distur- 


bances, myocarditis, endocarditis (see Fig. 18.10) and 
cardiotoxins**** (see Chapter 13). In a survey of sudden 
death in race horses, in 17 of the 25 cases no clear patho- 
logical lesion was identified and it was speculated that 
death was attributed to exercise-induced acute myocardial 
failure. It was suggested that small foci of myocardial 
degeneration within the Purkinje fibres may have led to 
focal hypoxia, ventricular tachycardia and fatal ventricular 
fibrillation.” 


Vagal stimulation 


In comparison with other animals and human beings, the 
horse has a slow resting heart rate, associated with high 
vagal tone. Partial AV block, common at rest in the horse 
(see above), is probably a means of regulating blood pres- 
sure. It has been suggested however that abrupt bradycar- 
dia and a precipitous fall in systolic blood pressure may 
be a sequel to sudden vagal stimulation and cause tran- 
sient weakness, inco-ordination and collapse. Collapsing 
episodes associated with lifting the head, stretching the 
neck, tacking up, tightening the girth and hosing down 
after exercise are not uncommon.” In 17% of 94 horses 
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Figure 18.9 Samples of a 24-hour ambula 


ory electrocardiogram 


rom a 9-year-old driving horse with a history of collapse. 


Ventricular premature depolarizations (arrows) were detected at a rate of up to 60/hour. Recorded at paper speed of 25 mm/ 
second, sensitivity of 5 mm = 1 mV. 
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Figure 18.10 Paroxysmal monomorphic ventricular tachycardia in a 13-year-old riding mare with a history of fever, depression 
and syncope and a loud diastolic murmur. Bacterial endocarditis and myocarditis were diagnosed. 


presented with a history of collapse, the episode appeared 
to be associated with some form of restraint.” A baro- 
receptor mechanism associated with the carotid sinus may 
be involved. The horse or pony may stagger, slump back- 
wards and fall. Recovery generally occurs within a few 
seconds and no abnormalities can be identified. 

This collapsing syndrome seen in horses and ponies 
may be compared with the so-called vasovagal faint (car- 
dioneurogenic syncope) that has been extensively studied 
in humans. Many individual causes have been identified; 
however, they all appear to be associated with the stimula- 
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tion of the medullary vasodepressor region in the brain 
stem. Efferent signals cause increased parasympathetic 
tone via the vagus nerve and vasodilatation. Diminished 
cardiac filling and bradycardia follow, leading to syncope.”° 
In human beings, it is thought that vasodilatation is more 
important than the bradycardia in producing symptoms; 
however, whether this is the case in horses, which have a 
very slow resting heart rate, remains to be determined. 
Stimulation of the medullary vasodepressor region occurs 
after receiving afferents (cardiac C fibres) from mechano- 
cardiac receptors within the ventricular myocardium when 


a volume-depleted ventricle contracts vigorously. It is 
tempting to suggest that this stimulus may be occurring as 
a result of the various forms of restraint that precede col- 
lapse in horses and ponies (described above). In certain 
susceptible human beings,” increasing sympathetic tone 
is not combined with increasing heart rate and peripheral 
vascular resistance, hence venous return progressively 
decreases to the point where eventually the contraction of 
the relatively empty ventricles causes firing of the C fibres; 
sudden sympathetic withdrawal ensues with correspond- 
ing vagal stimulation, vasodilatation, bradycardia and 
syncope. In human beings, cardioneurogenic syncope 
has been treated effectively by the administration of 
B-blockers,*” which at first appears paradoxical; however, 
the eradication of the triggering hypersympathetic tone 
may explain their efficacy. Their use in the treatment of 
horses that repeatedly suffer bouts of this syndrome has 
not been evaluated. 

It has also been suggested that the collapse response 
seen in horses and ponies after tacking up or raising the 
head or neck may be related to the carotid-sinus syn- 
drome seen particularly in older people.” In the original 
classical case, a syncopal attack was precipitated by pres- 
sure from a stiff collar, presumably on an oversensitive 
carotid sinus. Overactive baroreceptors causing sudden 
reflex vagal stimulation may be associated with altered 
structure of the head and neck blood vessels as a result of 
atherosclerotic disease or in human patients who have 
undergone neck surgery or radiation.” It is also described 
in patients with local neoplastic disease in the neck, or 
aneurysmal dilatation of the sinus. The usual precipitant 
for a syncopal attack is a sudden turn of the head, induc- 
ing dizziness and fainting similar to that reported in 
ponies that appeared to collapse following stretching of 
the neck.” 


Sleep disorders and 
narcolepsy/cataplexy 


( RSD) 


One of the commoner noncardiac causes of episodic col- 
lapse in horses is sleep disorder (Fig. 18.1). Narcolepsy/ 
cataplexy syndrome is a familial condition in Miniature 
horse foals,” but similar signs also occur in a variety of 
breeds as an acquired adult-onset condition.'® Some clini- 
cians now favour chronic sleep deprivation” rather than 
a primary neurological abnormality as the more likely 
cause in most acquired cases, particularly as episodes may 
become more frequent during an unrelated systemic illness 
or painful condition, in particular musculoskeletal disor- 
ders. In some circumstances an episode may be incited by 
a particular, repeatable event (e.g. tacking up, grooming). 
Generally, narcoleptic/sleep-deprived horses appear sleepy 
immediately prior to an attack and often fall forwards onto 
their carpi.” In comparison with the syncopal attacks 
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described above, these horses may be roused from sleep 
and often correct themselves before falling to the ground 
completely. Attacks do not usually occur while an animal 
is exercising vigorously.'® 


CLINICAL INVESTIGATION 
OF THE COLLAPSING HORSE 


History 


A general history may reveal relevant details and a specific 
history should include a description of the collapsing 
episode in an attempt to determine if the horse lost con- 
sciousness, the duration of the episode and the horse's 
behaviour immediately before and afterwards. In particu- 
lar, the circumstances leading to the episode of collapse 
should be determined because the common differential 
diagnoses differ, depending on whether the collapse 
occurred at rest or during exercise (see Fig. 18.1). 


Clinical examination 


When presented with a horse that has collapsed a thor- 
ough investigation is warranted. If the horse is still recum- 
bent then the safety of the owner should be taken into 
consideration as well as the immediate safety of the horse. 
Primary objectives of first aid may well apply in an acutely 
collapsed horse and the veterinary surgeon should deter- 
mine that a patent airway is present, that the horse is 
breathing and that any external haemorrhage is adequately 
controlled. 

Particular attention should be paid to examination of 
the cardiovascular system, to detect pallor and tachycardia 
associated with haemorrhage, dysrhythmias or cardiac 
murmurs, and to the neurological system (see Fig. 18.1). 
However, because many horses seem clinically normal by 
the time of veterinary examination, further diagnostic tests 
are often required. In episodic collapse, it is particularly 
helpful to obtain video footage of the event and in par- 
ticular this may allow the clinician to distinguish events 
such as sleep deprivation from seizures. This can be 
achieved by housing the horse in a stable fitted with CCIV; 
however, owners should also be encouraged to capture the 
event on their mobile phones if possible. In specific cases, 
further evaluation of the musculoskeletal or respiratory 
systems may be necessary and the reader should refer to 
more specific texts for further details. The remainder of 
this discussion will focus on the differential diagnoses 
described above. 


Acute haemorrhage 


Haemorrhage is suspected if there are clinical signs of 
pallor, sinus tachycardia or haematological evidence of 
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blood loss. With severe epistaxis, endoscopy is used to 
determine the source of blood and, in the case of severe 
pulmonary haemorrhage, thoracic radiographs may be 
helpful. Haemoperitoneum and haemothorax can be 
documented by abdominocentesis and thoracocentesis 
respectively. Abdominal or thoracic ultrasonography is 
useful to document the presence of large volumes of free 
fluid in body cavities and may demonstrate neoplastic 
lesions or other sources of haemorrhage. 


Acute cardiac failure 
and dysrhythmias 


Echocardiography is the technique of choice for investigat- 
ing many cardiac diseases that can be associated with 
collapse, such as chorda tendinea rupture,”*’ dilated 
cardiomyopathy or aorto-cardiac fistula” (see Chapters 9, 
16 and 19). However, in horses with dysrhythmias caused 
by focal myocardial lesions or by hypoxia or electrolyte 
disturbances, the echocardiogram is often normal. Equally, 
horses with intermittent dysrhythmias frequently have 
normal ECGs if these are recorded for a short period at 
rest. Ambulatory electrocardiography can provide a much 
more accurate assessment of intermittent dysrhythmias 
(see Figs. 18.8. 18.9, 18.10) (see Chapter 10). In horses 
that have collapsed during exercise, an exercising ECG is 
extremely helpful (see Figs. 18.6, 18.7) (see Chapter 11). 
Some horses with exercise-induced upper airway obstruc- 
tion? develop ventricular dysrhythmias in association 
with hypoxia, in which case, concurrent exercising endos- 
copy is helpful in evaluating upper airway obstruction. 
The appropriate management of dysrhythmias is depend- 
ent on determining its precise nature and underlying cause 
(see Chapters 13 and 14). 


Vagal stimulation and 

vasovagal syncope 

At this time, no specific diagnostic tests for these syn- 
dromes exist. It may be helpful and often reassuring for 


the client if the signs can be recreated by observing the 
horse while subjected to the specific stimulus though the 
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INTRODUCTION 


Heart failure is the pathophysiological state in which an 
abnormality of cardiac function is responsible for failure 
of the heart to fill with or eject blood sufficient to meet 
the metabolic requirements of the tissues’” (see Chapter 
5). Failure of the myocardium is usually present, however 
the initiating pathology may be elsewhere within the 
heart, for example, involving the endocardium, pericar- 
dium or great vessels (see Chapter 4). Historically, medical 
and veterinary students were taught to consider heart 
failure as having two forms: forward and backward failure. 
These theories focused on cardiovascular haemodynamics 
and postulated that clinical signs of heart failure could be 
attributed to either failure of the cardiac pump (forward 
failure) or damming up of blood behind one or both 
ventricles (backward failure). These concepts are now 
outmoded and it is clear that heart failure is a complex 
process involving not only structural abnormalities and 
haemodynamic mechanisms but also neuroendocrine, 
biochemical and genetic pathways through which either 
an increased haemodynamic burden or a reduction in 
myocardial oxygen delivery leads to abnormal myocardiac 
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structure and function.'’ Although not yet fully investi- 
gated the autonomic nervous system is activated in 
horses with heart failure’ and there is also some evidence 
supporting activation of the renin—angiotensin activating 
system, and plasma aldosterone concentrations rise as 
the severity of valvular disease increases.* Initially, these 
neuroendocrine adaptations have beneficial effects in 
maintaining cardiac output, but ultimately they create del- 
eterious effects on the heart, and also on the vasculature 
and organs such as the kidney’”” (see Chapters 2 and 4). 


CLINICAL SIGNS OF HEART FAILURE 


The clinical signs of heart failure can be attributed to a 
combination of reduced cardiac output and increased ven- 
tricular filling pressures. Increased ventricular filling pres- 
sures can lead to signs of congestion affecting one or both 
sides of the heart. These processes occur in combination 
to varying degrees in most of the cardiac conditions that 
lead to heart failure, and provided that oversimplification 
is avoided, it can be helpful for the clinician to differenti- 
ate the signs of reduced cardiac output from congestion of 
each side of the circulation as this may lead to the forma- 
tion of the most accurate list of differential diagnoses. The 
term congestive heart failure (CHF) should be reserved for 
those cases showing left, right or biventricular venous con- 
gestion and it is important to recognize that the term heart 
failure not only encompasses CHF but also includes cases 
in which the ventricle fails and cardiac output drops 
without development of congestion. The clinical conse- 
quences of reduced cardiac output include tachycardia, 
weight loss, weakness, exercise intolerance, pale mucous 
membranes, weak arterial pulses, ataxia and syncope. 
Reduced renal output is common and increases in serum 
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creatinine concentration arise through both prerenal and 
direct renal mechanisms.° ( ^ PC, VMD) 

Increased ventricular filling pressure leads to congestion 
of the systemic, the pulmonic or both sides of the circula- 
tion and the clinical signs of CHE The exact range of signs 
will depend on the specific causative lesion and its loca- 
tion. Lesions that cause the left heart to fail, such as severe 
mitral insufficiency (MI) and large ventricular septal 
defects, lead to congestion of the pulmonary circulation.“ 
The distribution of fluid between the interstitium and the 
plasma is dependent on the balance between oncotic pres- 
sure and hydrostatic forces. The hydrostatic forces rise in 
response to increased ventricular filling pressure and pul- 
monary venous engorgement in heart failure, forcing fluid 
from the pulmonary capillaries into the pulmonary inter- 
stitium faster than the lymphatics can remove it, to create 
pulmonary oedema. Oedema fluid is relatively low in 
protein and as it moves from the pulmonary capillaries 
into the interstitium, the protein is returned to the blood, 
raising the plasma oncotic pressure and lowering the inter- 
stitial oncotic pressure and thereby counteracting the ten- 
dency for fluid to leave the circulation under hydrostatic 
forces. Therefore, pulmonary oedema can be self-limiting 
for a considerable period of time.’ In slowly progressive 
lesions, early or mild heart failure, raised respiratory rates, 
particularly after exercise, and crackles and moist bron- 
chovesicular sounds may be the only clinical signs of 
pulmonary oedema.® Thoracic radiographs demonstrate 
an interstitial pattern and pulmonary venous congestion. 
If pulmonary capillary pressure rises acutely, the oncotic 
pressure within the interstitium rises rapidly to produce 
alveolar flooding.* With a more acute onset or in advanced 
heart failure, there may be dyspnoea, coughing and 
profuse nasal discharge which is typically white or pink- 
tinged and frothy (Fig. 19.1) and thoracic radiographs 
demonstrate a fluffy alveolar pattern (Fig. 19.2). Pulmo- 
nary hypertension can also lead to dilatation and eventu- 
ally rupture of the pulmonary artery®”” (see Fig. 18.4). 
Rupture of the pulmonary artery is not necessarily imme- 
diately fatal and there may be a history of episodes of 
syncope and distress on several occasions before the horse 
dies (see Chapter 18). ( ` AE IE) 

Right ventricular volume overload is less common as an 
isolated state. However, clinical signs of left heart failure 
may frequently go unnoticed, with slowly progressive 
disease until the right heart fails in response to pulmonary 
hypertension.° Clinical signs of right-sided CHF include 
jugular distension, pulsations of the jugular veins extend- 
ing beyond the normal distal one-third of the neck, disten- 
sion of other peripheral veins such as the lateral thoracic 
veins, and ventral, muzzle, preputial and limb oedema. 
Ascites is difficult to appreciate on physical examination 
in horses, but ultrasonography may reveal increased 
volumes of fluid in the abdominal cavity and congestion 
of the hepatic vessels. Horses also frequently develop 
pleural effusions with heart failure which can be demon- 
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Figure 19.1 A frothy nasal discharge in an 11-year-old 
Arabian mare with congestive heart failure caused by acute 
myocarditis. 


strated by absence of respiratory sounds over the ventral 
lung field and percussion of ventral thoracic dullness, and 
which can be visualized radiographically or ultrasono- 
graphically. ( ^ ACE PC, VMD) 

Many of the lesions associated with heart failure lead to 
enlargement of either the left or right atrium. This predis- 
poses the horse to the development of atrial fibrillation, 
an extremely common finding in CHF" (Fig. 19.3). It is 
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Figure 19.2 (A) A 
ventricular septal defec 
and loss of detail o 
failure due 
opacities and a generalized increase in opacity of the 


ateral thoracic radiograph from an 18-year-old Irish Draught gelding with chronic heart failure due to a 
and mitral insufficiency. There is an interstitial pattern characterized by generalized increase in opacity 
the lung field. (B) A lateral thoracic radiograph from a 5-year-old warmblood mare with acute heart 

o infective endocarditis of the aortic and mitral valves. There is an interstitial-alveolar pattern resulting in fluffy 
ung field. 
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Figure 19.3 An ECG recorded on lead Y demonstrating atria 


fibrillation with a ventricular rate of around 90/minute in an 


aged gelding with congestive heart failure associated with degenerative valvular heart disease and rupture of a chorda 
tendinea of the mitral valve. Paper speed 25 mm/second, sensitivity of 5 mm = 1 mV. 


important to differentiate horses in which atrial fibrilla- 
tion is a consequence of heart failure rather than a primary 
condition, because as discussed in Chapter 13, quinidine 
sulphate is indicated in lone (uncomplicated) atrial 
fibrillation and contraindicated in CHF.“ A heart rate of 
greater than 60 bpm, loud cardiac murmurs and echocar- 
diographic evidence of valvular or other cardiac lesions 
suggest CHF is present in horses with atrial fibrillation 
(see Fig. 19.3). ( ) AF) 


DIFFERENTIAL DIAGNOSIS OF 
HEART FAILURE 


The prevalence of CHF in horses is unknown and is likely 
to vary considerably between different horse populations. 
In one study examining causes of death among a group of 


1153 horses the majority of which were middle-aged or 
older, there were no cardiac-related deaths in horses less 
than 17 years of age, and 5% of deaths in the 15-23 years 
age group and 8.5% of deaths in the >24 years age group 
were considered to relate to cardiac disease.'? In the 
author’s cardiological practice serving a wide range of 
racing, sports, pleasure and breeding horses of all ages, 
approximately 2% of cardiac admissions have CHF. 
Disorders affecting a variety of body systems can present 
in a similar manner to CHE In addition to CHE the main 
differential diagnoses for horses presenting with peripheral 
oedema can be broadly classified: as (1) conditions associ- 
ated with protein loss, such as protein-losing enteropathy; 
(2) conditions associated with obstruction to lymphatic 
drainage, such as lymphoma or lymphadenopathy; and 
(3) peripheral vasculitis such as purpura haemorrhagica. 
In horses presenting with mild to moderate respiratory 
disease, there are numerous possible conditions that must 
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be considered while with acute severe pulmonary disease, 
in addition to left-sided heart failure, conditions such as 
interstitial pneumonia and acute lung injury must be 
included in the list of differential diagnoses. The clinical 
signs associated with low cardiac output are nonspecific 
and myocardial failure must be differentiated from other 
conditions associated with circulatory failure (i.e. shock) 
such as abdominal catastrophes and haemorrhage (see 
Chapter 21). 

Causes of heart failure in the horse are listed in Table 
19.1. The majority of these diseases can also present at less 
advanced stages and are described in more general terms 
elsewhere in this book. The reader is advised to consult 
specific chapters for additional details (see Chapters 13- 
18). The aim of this section is to assist the clinician in 
devising an appropriate diagnostic and therapeutic plan 
when presented with a horse showing signs of heart failure. 

Biventricular CHF is most commonly seen in associa- 
tion with severe, acquired disease of the aortic and/or 
mitral valves.*'*-'* However, occasionally horses with 


Table 19.1 Conditions that commonly cause heart failure 
in the horse 


Predominantly left-sided or biventricular failure 
Mitral insufficiency 
Rupture of a chorda tendinea 
Severe degenerative lesions 
Infective endocarditis 
Secondary to dilation of the valve annulus 
Aortic insufficiency 
Severe degenerative lesions with dilation of the left 
ventricle and consequent mitral insufficiency 
Infective endocarditis 
Rupture of an aortic valve leaflet 
Myocardial disease 
Myocarditis 
Myocardial fibrosis 
Myocardial ischaemia 
Dilated cardiomyopathy 
Congenital cardiac disease 
Ventricular septal defect 
Patent ductus arteriosus 
Aortocardiac fistula 
Predominantly right-sided failure 
Pericarditis 
Effusive 
Constrictive 
Tricuspid insufficiency 
Rupture of a chorda tendinea 
Infective endocarditis 
Congenital cardiac disease 
Right atrioventricular valvular atresia 
Tetralogy of Fallot 
Atrial septal defect 
Great vessel anomalies 
Others 
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large ventricular septal defects and other congenital cardiac 
defects can present with left-sided or bilateral CHE”” 
Primary right-sided CHF is less common but occasionally 
occurs with severe tricuspid (TI) or pulmonic insuffi- 
ciency, congenital disease and cor pulmonale.**” Pericar- 
ditis causes heart failure because cardiac tamponade due 
to effusion within the pericardial sac or loss of elasticity 
in restrictive pericarditis increases the intrapericardial 
pressure and prevents diastolic filling. This process affects 
both sides of the heart, but typically signs associated with 
the systemic circulation predominate because the lower 
pressures within the right side of the circulation can more 
readily be overwhelmed.??* Rapid tachycardia can also 
impede diastolic function sufficiently to induce signs of 
heart failure by decreasing the time available for the heart 
to fill in diastole.’ In this situation, signs of left-sided 
congestion predominate. 


DIAGNOSTIC APPROACH IN 
HEART FAILURE 


Echocardiography is an extremely valuable diagnostic aid 
when cardiac failure is suspected as both cardiac structure 
and function can be assessed with this imaging modal- 
ity.” Echocardiography can be useful, in particular in 
identifying chamber dilation and compromised myocar- 
dial function. In compensated left ventricular volume 
overload, the fractional shortening and ejection fraction 
should be increased and where normal or decreased frac- 
tional shortening and ejection fraction are detected in the 
presence of volume overload, ventricular remodelling and 
loss of myocardial function should be suspected (see 
Chapter 9). Regardless of cause, typical echocardiographic 
features of generalized myocardial dysfunction include 
ventricular dilatation, hypomotility, increased septal- 
mitral E-point separation, reduced fractional shortening 
and reduction in the movement of the aortic root on 
M-mode echocardiography. ( ^ AE PC, VMD) There is 
often mitral insufficiency secondary to valve annulus dila- 
tation. Where the myocardial dysfunction has arisen as a 
consequence of valvular insufficiency and volume over- 
load, the left ventricular free wall is often more obviously 
affected than interventricular septum. ( ° VMD) 

Direct measurement of pulmonary artery and capillary 
wedge pressure is the most reliable method for document- 
ing pulmonary hypertension. ( ` PH) Radiology can be 
limited in its ability to demonstrate milder forms of 
oedema and clinical signs do not necessarily relate closely 
to the degree of oedema visible radiographically. Never- 
theless, radiography is frequently the most practical means 
of identifying pulmonary oedema and evaluating the 
response to therapy (see Fig. 19.2). Severe pulmonary 
oedema can be visualized with diagnostic ultrasonogra- 
phy as multifocal areas of hypoechoic, nonaerated lung at 


Figure 19.4 A thoracic ultrasonogram in an 11-year-old 
Arabian mare with acute myocarditis and pulmonary oedema 
(see Fig 19.1). The periphery of the lung is irregular with 
hypoechoic nonaerated areas representing oedema (arrows) 
and the lung has lost the horizontal reverberation pattern 
that is seen in normal aerated lung. 


the periphery (Fig. 19.4). However, pulmonary oedema is 
most severe at the hilar area and often does not always 
extend to the periphery of the lung where it can be visual- 
ized with ultrasonography. Diagnostic ultrasonography is 
more useful in documenting the presence of pleural effu- 
sion, hepatic congestion and ascites. ( ^ PC) 

The identification of myocardial disease and dysfunc- 
tion is an important component of assessment of horses 
with heart failure. Electrocardiography is required to dem- 
onstrate arrhythmias that may accompany heart failure, 
such as atrial tachycardia, atrial fibrillation, supraventricu- 
lar or ventricular premature depolarizations, ventricular 
tachycardia or pre-excitation syndrome. Ambulatory ECG 
techniques are particularly useful in demonstrating paro- 
xysmal arrhythmias and documenting their frequency 
over prolonged periods (see Chapters 6 and 10). Novel 
biomarkers are currently being assessed in horses and 
these are discussed in more detail in Chapter 12. Cardiac 
troponin may be increased in some cases**’ but it is 
important to recognize that a normal cardiac troponin 
concentration does not rule out the presence of myocar- 
dial pathology, particularly myocardial fibrosis. 


SPECIFIC FORMS OF HEART FAILURE 


Left-sided valvular insufficiency 
( AF, VMD) 


Degenerative valvular disease of the aortic valve is 
extremely common in horses'’*"*? (see Chapter 16). In 
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the majority of horses with aortic insufficiency (AI), the 
lesion is well tolerated and the proportion of affected 
individuals that progress to develop CHF is unknown: in 
one study, 86% of horses with AI showed no signs of 
heart disease at rest while 13.2% had signs of CHF at rest, 
however, this population was drawn from an elderly pop- 
ulation and horses that develop CHF with AI are typically 
in their late teens or older. Clinical signs of hyperkinetic 
pulses and a widely radiating diastolic murmur are con- 
sistent with severe AI. With echocardiography, nodular 
lesions of the aortic valve and large regurgitant jets are 
visualized.'*""75** The onset of myocardial failure often 
appears to herald the onset of clinical signs of CHF; in 
horses with well-compensated but severe AI, the left ven- 
tricle is usually dilated but hyperkinetic’** (Fig. 19.5). 
Left ventricular volume overload increases end-diastolic 
left ventricular diameter and causes the ventricle to adopt 
a globoid shape with a rounded apex.’ In the hyperki- 
netic ventricle, septal and left ventricular free-wall move- 
ment is exaggerated and the fractional shortening is 
increased.” As the ventricle begins to fail, myocardial con- 
tractility is often depressed. Fractional shortening, which 
is influenced by a variety of factors including myocardial 
contractility, will decrease and subjectively the ventricle 
may appear to be hypomotile (see Fig. 19.5). Most horses 
that develop overt CHF with degenerative AI have ven- 
tricular dilatation to a degree that can disrupt the mitral 
valve annulus and cause MI (Fig. 19.6). In fact, it is the 
onset of MI that may be the event that has ultimately 
caused the cardiac decompensation and horses with mul- 
tiple murmurs are more likely to go into CHF than those 
with AI alone.’ Therefore, the development of a murmur 
of MI in a horse with previously well-compensated AI 
should alert the clinician to the possibility of progression 
of the disease. These horses typically have end-diastolic 
left ventricular diameters in excess of 16 cm (see 
Fig. 19.5). 

Severe MI can be caused by valvular degeneration or 
inflammation“ and may also arise secondary due to 
ventricular dilation as a result of myocardial, congenital 
or aortic disease. In one study of horses with severe MI, 
almost 50% of affected horses had evidence of concurrent 
myocardial disease.° Severe MI is seen in a wider range of 
age groups than AI. Auscultation reveals a loud pan- or 
holosystolic murmur radiating over a wide area with 
severe MI and the third heart sound is often loud because 
there is increased ventricular filling in diastole.° In chronic 
degenerative cases, nodular thickening of the valve may 
be visible echocardiographically and subsequently on 
post-mortem examination. Severe mitral regurgitation 
occupies the majority of the left atrium, has a wide base, 
may originate from more than one source at the valve 
leaflets and may demonstrate proximal flow convergence” 
(Fig. 19.7). Severe MI is poorly tolerated and consequences 
include atrial enlargement (see Fig. 19.6), atrial fibrillation 
(see Fig. 19.5), ventricular tachyarrhythmias, pulmonary 
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Figure 19.5 M-mode echocardiograms of the right (RV) and left ventricle (LV) in horses with severe aortic and mitral 
insufficiency. (A) This horse has a left ventricular end-diastolic diameter of 16.6 cm, a fractional shortening of 43% and a 
hyperkinetic ventricle and is currently in compensated heart failure. (B) This horse has a hyperkinetic septum but the left 
ventricular end-diastolic diameter is 18.9 cm, the fractional shortening is 33% and the left ventricular free-wall is hypokinetic, 
suggesting myocardial dysfunction, and consequently the horse is showing more severe clinical signs. Note the ECG also 


demonstrates that the horse has atrial fibrillation. 


Figure 19.6 A left parasternal long-axis echocardiogram of 
the left atrium (LA) and ventricle (LV) from the horse 
illustrated in Fig. 19.5B. The mitral valve annulus is dilated 
and there is a large jet of mitral regurgitation (green). The 
LA has an increased diameter of 18.9 cm (normal <13.5 cm). 


oedema (see Fig. 19.4) and, occasionally, pulmonary 
artery dilatation and rupture®’"'® (see Fig. 18.4). Dilata- 
tion of the left atrium can be appreciated most readily 
from two-chamber left parasternal images (see Fig. 19.6), 
and in mature horses with severe MI, left atrial diameters 
of 16.2-23 cm have been reported, normal being less than 
13.5 cm.” The normal ratio of the pulmonary artery 
measured in long-axis to the aortic root diameter meas- 
ured in long-axis is around 0.8. Dilatation of the pulmo- 
naty artery is diagnosed if its diameter is greater than that 
of the aorta (Fig. 19.8).°” In many horses with pulmonary 
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Figure 19.7 A left parasternal long-axis echocardiogram of 
the left atrium (LA) and ventricle (LV) from a 7-year-old 
Thoroughbred with severe mitral insufficiency and myocardial 
disease. Two jets of mitral regurgitation (green) coalesce to 
occupy the majority of the LA. In the left ventricular inflow 
tract, regurgitant flow accelerating towards the regurgitant 
orifice depicted by bands of colour from blue to yellow to 
red represents proximal flow convergence. 


artery dilatation, pulmonic valvular insufficiency is present 
(see Fig. 19.8), again probably the result of pulmonary 
hypertension. Horses with severe MI also often have 
reduction in the aortic root diameter due to reduced 
cardiac output (see Fig. 19.8). In one report describing 
horses with severe mitral valve disease, 64% of horses had 
pulmonary artery diameters which exceeded that of the 
aorta by greater than 1 cm.° 
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Figure 19.8 A right ventricular inflow—outflow (A) and a right parasternal long-axis echocardiogram of the left ventricular 
outflow tract (LVOT) (B) from the horse illustrated in Fig 19.7. There is pulmonic regurgitation and the pulmonary artery (PA) 
is dilated because of pulmonary hypertension: its diameter in the right ventricular inflow-outflow image is 7.8 cm and the 
diameter of the aorta (Ao) in long-axis is reduced (6.1 cm) because of reduced cardiac output. Dilation of the PA can also be 
appreciated in the LVOT image. On post-mortem examination, a partial rupture of the PA was observed. RV, right ventricle. 


Rupture of a chorda tendinea of the mitral valve is the 
most common form of acute, severe mitral valve disease 
described in the horse.*'*'’** This can occur spontan- 
eously or secondary to degenerative or inflammatory valve 
disease. Frequently, it is one of the accessory cusps that is 
affected and, while acute onset CHF is the most common 
presentation, occasionally the clinical signs are less 
severe.°'*18°4 Echocardiography can accurately demon- 
strate rupture of a chorda tendinea, and portions of the 
valve are seen everting into the left atrium or a flail leaflet 
is visualized. Usually, there is a large regurgitant jet but 
the atrium and ventricle may not necessarily be markedly 
dilated because, with the onset of acute severe regurgita- 
tion, there is little time for changes in atrial compliance 
or volume. The heart cannot compensate for acute volume 
overload rapidly, which explains the severity of the typical 
clinical signs. ( ^ RCT) 

Infective endocarditis typically causes vegetative lesions 
which are visible echocardiographically’**"' (see Chapter 
17). Aortic and mitral valves are affected most commonly, 
but mural portions of the endocardium and the pulmonic 
and tricuspid valves can be affected, particularly if the 
endocarditis arises secondary to septic jugular throm- 
bophlebitis.”**’ The clinical signs are dependent on the 
specific location of the lesions. Because the onset of regur- 
gitation is rapid, there may be large regurgitant jets with 
little or no ventricular or atrial dilatation. Clinical signs 
such as fever and depression, and laboratory evidence of 
infection such as leukocytosis and hyperfibrinogenaemia, 
support the diagnosis of infective endocarditis.*°“?” 
(> 1B) 


Right-sided valvular insufficiency 
and cor pulmonale 


( PH, VMD) 


Tricuspid and pulmonic regurgitation very rarely lead 
to CHE. Exceptions include rupture of a chorda tendinea 
of the tricuspid valve or leaflet of the pulmonary valve.** 
( ` ACF) The echocardiographic appearances of these 
valvular lesions are similar to those described above 
for the corresponding valves of the left heart. Although 
uncommon, right-sided CHF does occasionally occur in 
horses or ponies with long-standing respiratory disease. 
This syndrome, cor pulmonale, is much more common 
in cattle. In response to hypoxia, pulmonary vasocon- 
striction and pulmonary hypertension can develop.2’**4 
This can lead to increased pulmonary artery diameter, 
abnormal septal motion, decreased left ventricular diam- 
eter and decreased stroke volume. These changes are 
reversible” but with chronic hypoxia, ultimately right 
heart failure can ensue.*°”’ Generally, there are not only 
signs consistent with right heart failure such as jugular 
distension and pulsation but also severe respiratory 
compromise, reflecting the underlying cause. The prog- 
nosis is poor. Regardless of the cause, care must be 
taken to accurately measure the dimensions of the right 
ventricle because of the crescent shape of the ventricle” 
(see Chapter 9 and Fig. 9.3). With severe right ven- 
tricular volume overload, the heart adopts a double- 
apex appearance and paradoxical septal motion is 
present.2°?8?9 
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Congenital cardiac disease 
( VSD) 


Congenital cardiac disease is usually suspected in foals, 
weanlings or yearlings presenting with CHF, particularly 
if loud cardiac murmurs are present. A segmental approach 
to the echocardiographic examination is used to docu- 
ment the size, shape and relative location of each cardiac 
structure’*°*’ (see Chapter 15). 


Aorto-cardiac fistula 
( ACF) 


Aorto-cardiac fistula occurs when there is disruption of the 
aortic wall, usually in the right sinus of Valsalva, occasion- 
ally the non-coronary sinus, and a dissecting tract extends 
from the aorta to the right atrium, the right ventricle and/ 
or the interventricular septum (see Chapter 18, Fig. 18.3). 
The aetiology is unknown: there may be congenital or 
acquired degeneration of the media of the aorta*®*”” and 
intact aneurysms may be present prior to the rupture.” 
Some reports have associated the condition with chronic 
aortic insufficiency although this may be coincidental 
rather than causative.’ Males are more prone to this 
condition than mares and typically affected animals are 
middle-aged or older.’ Presenting signs range from 
sudden death, often during breeding or exercise, acute 
thoracic pain, often mistaken for colic by observers, and 
CHE” There is typically a low-pitched, continuous 
murmur with its point of maximal intensity over the right 
hemithorax. There is frequently a rapid ventricular tachy- 
cardia, most likely due to disruption of the conducting 
tissue by a tract extending into the interventricular 
septum.” Emergency treatment includes stabilization of 
the ventricular dysrhythmia and management of CHE 
Horses can survive the initial episode for periods of 
up to 2 years but generally the condition is eventually 
fatal 719245 


Myocardial disease 


With underlying structural disease such as valvular pathol- 
ogy or congenital heart disease, over time, neuroendo- 
crine, haemodynamic and genetic factors can lead to 
ventricular remodelling (see Chapter 4 and Fig. 15.7). 
Eventually, cardiac fibrosis may develop and the sub- 
sequent myocardial dysfunction may precipitate the 
development of clinical signs of cardiac failure and the 
progression from compensated to decompensated heart 
failure. Other forms of primary myocardial disease are 
relatively uncommon in horses, particularly when com- 
pared with human beings in whom coronary artery disease 
and myocardial ischaemia is such an important cause of 
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Table 19.2 Potential causes of myocardial failure and 
disease in horses 


Viruses 
Equine herpes virus 1 
Equine influenza 
Mobillivirus 
African horse sickness 
Bacteria 
Streptoccal toxic shock 
Piroplasmosis 
Nutritional 
Vitamin E and selenium deficiency 
Cooper deficiency 
Excessive molybdenum 
Excessive sulphates 
Toxins 
Rattlesnake venom 
lonophores 
Digitalis species 
Taxus (yew) 
Pimelea species 
Oleander 
Cantharidin (blister beetle) 
Sodium fluoroactetate rodenticides 
Neoplasia 
Haemangiosarcoma 
Lymphosarcoma 
Melanoma 
Mesothelioma 
Genetic 
Glycogen branching enzyme deficiency in Quarter 
horse foals 
Idiopathic 
Dilated cardiomyopathy 
Amyloidosis 


morbidity and mortality worldwide. Nevertheless, primary 
myocardial disease does lead to heart failure in horses 
and potential infectious," toxic,’ nutritional,”~” 
neoplastic,’**° genetic’ and idiopathic’ causes are listed 
in Table 19.2. ( ð CN) 


Dilated cardiomyopathy 
( VMD) 


Cardiomyopathy is a subacute or chronic disease of the 
ventricular myocardium that occurs in the absence of pul- 
monary disease, congenital defects or structural disease of 
the valves, although cardiomyopathy can lead to valvular 
dysfunction. In horses, only dilated cardiomyopathies 
occur and these are rare and sporadic and the idiopathic 
forms are of unknown causes but in some cases they may 
represent a sequel to myocarditis.” 


Glycogen branching 
enzyme deficiency 


Recently, a glycogen branching enzyme (GBE) deficiency 
has been reported in Quarter horse foals that died by 7 
weeks of age.” The condition has an autosomal recessive 
mode of inheritance. Glycogen is important for glucose 
homeostasis in foals and is composed of straight and 
branched chains of linked glucose molecules. GBE is 
responsible for the formation of the «1,6 branch points 
that are essential to rapid mobilization of glucose in a 
range of tissues. In human beings, deficiency is associated 
with a range of age-dependent presentations, including 
cardiomyopathy. Affected foals show a range of nonspe- 
cific signs and in addition to cardiac arrest these include 
still birth, respiratory arrest, seizures and progressive 
muscle weakness. Because the signs are nonspecific it is 
possible that this disease has gone unrecognized in the 
past.® Clinicopathological findings include increased 
serum activity of aspartate transaminase and creatine 
kinase and hypoglycaemia but there are no specific find- 
ings on gross post-mortem examination, requiring the 
demonstration of lack of GBE activity for confirmation of 
diagnosis.* 


Nutritional myodegeneration 
(white muscle disease) 


Vitamin E and/or selenium deficiency is associated with a 
variety of disorders including nutritional myodegenera- 
tion or white muscle disease that is usually seen in foals 
of less than 2 months of age and has been reported in the 
fetus.”° The condition affects skeletal and smooth muscle, 
including the heart, the diaphragm and muscles of masti- 
cation. The presenting signs include sudden death, cardiac 
and respiratory failure, cardiac dysrhythmias, pulmonary 
oedema and in less acute cases, weakness, stiffness, leth- 
argy and dysphagia. There may be painful subcutaneous 
swellings. Clinicopathological findings include increased 
serum activity of aspartate transaminase and creatine 
kinase, decreased serum activity of glutathione peroxidase 
and concentrations of vitamin E and myoglobinuria may 
be present. Some foals may recover with supportive treat- 
ment and vitamin E administered orally on a daily basis 
coupled with intermittent intramuscular injections of 
vitamin E/selenium preparations that can be repeated in 
3-7 days if necessary.” 


lonophore toxicity 


Ionophores are used as growth promoters in cattle and as 
coccidiostats for poultry (monensin, salinomycin and 
lasalocid).°”"*-*° The horse is exquisitely sensitive to 
the toxic effects of ionophores and interspecies differences 
in sensitivity are related to differences in oxidative meta- 
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bolism of ionophores by cytochrome P450 in hepatic 
microsomes. Ionophores enhance cell membrane perme- 
ability, affecting both ion influx and efflux, and this is 
detrimental in excitable cells such as those in nervous 
tissue, and cardiac and skeletal muscle. The mechanism of 
toxicity of ionophores varies slightly between different 
products: Monensin has a higher affinity for sodium ions 
than potassium ions whereas salinomycin has higher 
affinity for potassium than sodium and lasalocid binds to 
both calcium and magnesium ions. Loss of intracellular 
potassium suppresses ATP production and decreases cell 
energy production, increase in intracellular sodium leads 
to cellular water influx and mitochondrial swelling, iono- 
phores potentiate intracellular calcium influx, and all of 
these effects contribute to cell death. Clinical effects and 
mortality rates are likely to be influenced by the amount 
of ionophore ingested.® With large amounts, the progres- 
sion can be extremely rapid with death ensuing within 
1-15 hours. Structural skeletal and cardiac lesions are not 
necessarily found in horses that die very acutely.°*** With 
lesser amounts, signs and pathological abnormalities 
related to skeletal and cardiac myopathy are observed. 
Some more mildly affected horses develop a delayed form 
of cardiomyopathy,”* which depending on its severity, 
may lead to variable degrees of cardiac compromise 
evident weeks or months after initial exposure. 

Horses of any age, breed or sex can be exposed to 
ionophore-contaminated feed. The contamination may 
come from feed accidentally contaminated at the feed mill 
or from accidental feeding of or exposure to ionophore- 
containing cattle or poultry feed. Feed samples should be 
obtained for toxicological analysis if ionophore exposure 
is suspected. Gastrointestinal samples should be similarly 
analysed in any horses that experienced sudden death. 
Sudden death is often the first indication of exposure 
of horses to high doses of ionophores.°***** Fever, 
depression, lethargy, restlessness, exercise intolerance and 
profuse sweating are some of the signs first noticed by the 
owners and/or trainers of affected horses. Anorexia, poor 
appetite and feed refusal are common because ionophore- 
contaminated feed is less palatable. Muscle weakness, 
trembling and ataxia often occur. Horses may be polyuric 
and become oliguric or anuric. Diarrhoea, colic and/or 
ileus have frequently been reported. Muddy or injected 
mucous membranes with thready arterial pulses may be 
detected initially. Cardiac dysrhythmias may develop at 
any time following ionophore exposure but are most 
likely in the first few days to weeks following exposure. 
Generalized venous distention, jugular pulses, ventral 
oedema and murmurs of mitral and/or tricuspid regurgita- 
tion may develop weeks to months following ionophore 
exposure.°°8384 

Electrocardiographic abnormalities may be detected in 
horses recently exposed to ionophores but are not good 
prognostic indicators of the severity of the myocardial 
injury. Axis shifts, ST segment depression, T wave changes, 
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Figure 19.9 (A) A right parasternal long-axis echocardiogram of the left (LV) and right (RV) ventricles and left atrium (LA) 
and (B) a ventricular M-mode echocardiogram from a 6-year-old Standardbred gelding with dilated cardiomyopathy due to 
monensin toxicosis. The cardiac chambers are dilated and globular in shape and the movement of the interventricular septum 
(IVS) and left ventricular free wall (LVFW) is markedly depressed. 


atrial and ventricular premature depolarizations, atrial 
fibrillation, ventricular tachycardia and a variety of brady- 
dysrhythmias have been reported in horses exposed to 
ionophores. The majority of horses exposed to ionophores 
in the field situation, however, do not have cardiac dys- 
rhythmias. Increases in serum cardiac troponin I concen- 
trations and activities of the cardiac isoenzymes of creatine 
kinase (CK) and lactate dehydrogenase (LDH) have been 
reported in some outbreaks of ionophore toxicity, but 
were only slight or not detected in other field outbreaks. 
Echocardiographic signs are typical of dilated cardiomy- 
opathy and include dilation and rounding of the ventricles 
and reduction in fractional shortening (Fig. 19.9) together 
with other signs of reduced cardiac output (see Chapter 9). 

If ionophore exposure is suspected the possibly con- 
taminated feed should be removed. Activated charcoal or 
mineral oil should be administered to decrease further 
absorption of the ionophore from recently ingested feed. 
Large doses of vitamin E to attempt to stabilize cell mem- 
branes and control peroxidation-mediated cell injury 
may be helpful if administered as soon as possible after 
exposure. Supportive care should be provided as needed. 
Exposed horses should receive stall rest for a minimum of 
2 months. Digoxin is contraindicated in acute monensin 
exposure because monensin and digoxin also affect the 
transmembrane transport of electrolyes and have an addi- 
tive effect causing calcium to flood into the myocardial 
cell. The use of digoxin in horses recently exposed to 
monensin may result in the intracellular calcium seques- 
tration mechanisms being further overloaded, increasing 
the amount and severity of myocardial cell injury and 
cell death. 

Ionophore toxicity may have significant medicolegal 
implications. The client should be advised to make 
detailed records of events leading up to the onset of signs 
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and to have these corroborated by third parties where 
possible. Where a group of horses has been exposed to 
ionophores, it can be impossible to determine which indi- 
vidual horses may have ingested the toxin and how much 
they have consumed. Horses that do not show clinical 
signs in the acute stages may be at risk of developing 
cardiac compromise later. Clients should be advised not 
to use the horses for ridden activities for 2-3 months 
and after this time, an echocardiogram and exercising 
ECG should be performed in order to identify signs of 
chronic cardiomyopathy before returning the horse to 
ridden work. 


TREATMENT AND MANAGEMENT 
OF CONGESTIVE HEART FAILURE 


Given that in most forms of CHF associated with structural 
heart disease the prognosis may ultimately be hopeless, 
once the severity of the disease has been established, 
euthanasia is often the appropriate course of action. There- 
fore, the equine clinician may frequently serve his/her 
patient and client most appropriately by providing an 
accurate assessment of the causes and severity of the CHF 
with the methods described above. Management of CHF 
in the short and medium term can be effective; however, 
in the long term, it is rarely successful: nine of 14 horses 
presenting in CHF were euthanazed and the remainder 
died or were euthanazed within 1 year.” Notable excep- 
tions include pericarditis that can be managed effectively 
with pericardial drainage and medical therapy (see Chapter 
17). Specific therapy should be directed towards the causa- 
tive lesion, such as relieving cardiac tamponade in pericar- 
ditis and antimicrobial therapy in infective endocarditis 


(see Chapter 17). The general goals of therapy in CHF 
are to reduce congestion and improve cardiac output. 
The involvement of the renin—-angiotensin—aldosterone 
system, endothelin and B-adrenoceptors activation in the 
progression of myocardial enlargement suggests that these 
pathways may provide sites for pharmacological interven- 
tion. In human patients and animal models, B-adrenergic 
blockers have been shown to reverse cardiac remodel- 
ling in aortic valve regurgitation®®® while angiotensin- 
converting enzyme inhibitors, mineralocorticoid receptor 
antagonists and endothelin receptor antagonists have all 
shown benefits in reversing cardiac remodelling in humans 
and animal models with pressure-induced cardiac hyper- 
trophy as well as improvements in cardiac function in 
those with valvular pathology. There is currently no spe- 
cies-specific evidence to support the use of B-blocking 
agents in equine valvular or myocardial disease, although, 
based on studies of cardiac disease in human patients, 
these may represent a potential area for pharmacological 
intervention in horses with chronic cardiac enlargement 
brought about by valvular regurgitation. Some horses may 
benefit from digoxin that is used to control the ventricular 
rate in supraventricular tachycardia. Further details of the 
pharmacology and appropriate use of these drugs can be 
found in Chapter 7 and the discussion below focuses on 
the clinical use of these drugs. 


Vasodilators 
( AF, IE) 


There is anecdotal evidence that ACE inhibitors such as 
enalapril may be beneficial in horses. However, pharma- 
cokinetic studies have shown poor oral bioavailability.°*? 
The ACE inhibitor quinapril, given orally at a dose of 
120 mg/horse/day, lead to increased stroke volume and 
cardiac output, a reduction in the amount of valvular 
regurgitation, but no clinically significant changes in 
cardiac size after 8 weeks of therapy in horses with mitral 
insufficiency but no CHF. This corresponded with an 
owner-reported improvement in exercise tolerance.” 
Further studies are required before specific recommenda- 
tions can be made on the clinical use of ACE inhibitors 
in CHE 

Acepromazine has been suggested as a more economical 
alternative to conventional vasodilators. However, there is 
neither retrospective nor prospective data to support its 
use. Hydralazine is an arteriolar dilator that acts directly 
on vascular smooth muscle, decreases total peripheral 
resistance and increases cardiac output in normal horses.” 
In other species, it is indicated in low-output failure and 
acute mitral valvular insufficiency. Its efficacy in horses 
with CHF has not been established but it can be used at 
0.5-1.5 mg/kg every 12 hours orally. Hydralazine can 
induce severe hypotension and therefore must be used 
with care, ideally titrating the dose against blood pressure 
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measurements. The venedilator nitroglycerine ointment is 
useful in the short-term management of pulmonary 
oedema in other species. Its mechanism of action is 
dependent on its ability to dilate the veins. Intravenous 
infusions of nitroglycerin in normal horses cause a dose- 
related decrease in right atrial, pulmonary artery, pulmo- 
nary artery wedge and pulmonary capillary pressure but 
have a more potent effect on pulmonary veins than arter- 
ies. The efficacy of nitroglycerin ointment in the treatment 
of pulmonary oedema in the horse has not been critically 
evaluated. 


Diuretics 


Furosemide is the most effective and popular diuretic used 
in horses. It inhibits chloride transport in the ascending 
loop of Henle, increasing the excretion of sodium, chlo- 
ride, potassium, hydrogen ions and water. This produces 
a decrease in plasma volume, extracellular fluid volume, 
left ventricular end-diastolic pressure and pulmonary cap- 
illary wedge pressure, resulting in a reduction in pulmo- 
nary hydrostatic pressure, pulmonary fluid volume and 
the work of ventilation.” Furosemide is usually adminis- 
tered at 1-2 mg/kg two to three times per day intrave- 
nously or intramuscularly. In many horses it is effective 
orally; however, occasionally, beneficial effects abate 
when the route of administration is changed from intra- 
venous to oral. Long-term administration may produce 
hyponatraemia, hypokalaemia, hypomagnesaemia and 
metabolic alkalosis.” Therefore, periodic monitoring of 
serum electrolyte concentrations is advisable during furo- 
semide therapy. 


Digoxin 
(> AF) 


The role of digoxin in CHF is controversial and, like the 
other digitalis glycosides, it has a variety of effects includ- 
ing positive inotropic actions mediated by inhibition of 
the myocardial cell sodium-potassium pump and a nega- 
tive chronotropic effect. This arises both directly by pro- 
longing the refractory period of the atrioventricular node 
and indirectly by increasing parasympathetic and decreas- 
ing sympathetic tone. Digoxin also suppresses plasma 
renin and aldosterone activity and promotes diuresis, 
thereby reducing venous pressure and congestion (see 
Chapter 7). The main indication for the use of digoxin in 
horses with heart failure is to control tachycardia in atrial 
fibrillation (see Fig. 19.3). 

The recommended maintenance dosage is 0.011 mg/kg 
orally daily and 0.0022 mg/kg intravenously twice 
daily.”™*” There is considerable variation in plasma half- 
life of digoxin in the horse.” Adverse side effects are 
common and serum digoxin concentrations should be 
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monitored to maintain therapeutic concentrations (see 
Chapter 7). Adverse side effects include anorexia, depres- 
sion, abdominal pain and ventricular arrhythmias.” 
Antiarrhythmic drugs that are used in human beings with 
digoxin-induced arrhythmias include phenytoin, ligno- 
caine and propanolol. Regimens involving loading doses 
increase the likelihood of toxicity and particular care 
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INTRODUCTION 


Despite the utilization of new anaesthetic drugs, tech- 
niques and equipment and improved patient monitoring, 
the risk associated with general anaesthesia in horses has 
not significantly decreased over the past 10 years. The 
Confidential Enquiry into Perioperative Equine Fatalities 
(CEPEF), a prospective epidemiological multi-centre 
study, has furnished accurate perioperative mortality 
rates after extensive analysis of over 50 000 anaesthetic 
records.'~° The overall perioperative mortality rate is 1.6- 
1.9% and if anticipated “high-risk” horses that underwent 
emergency abdominal surgery (“colics” and dystocias) are 
excluded from the analysis, the anaesthetic-related death 
rate is still alarmingly high at 0.9%.*~ This is 4 to 5 times 
higher than the mortality rate recently established for dogs 
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and cats using a similar data collection technique’. Further 
analysis of the unanticipated deaths in healthy horses 
undergoing elective procedures reveals that the common- 
est cause of death (32-33%) is due to cardiac arrest or 
irreversible cardiovascular collapse, with fractures and 
myopathies being the second and third reasons." Cardiac 
arrest represents one extreme end of the spectrum of 
cardiac emergencies that can occur in horses. Other 
common _anaesthetic-related complications include 
cardiac dysrhythmias, hypotension and hypertension. The 
causes, recognition, prevention and treatment of these 
problems will be discussed. 


RISK FACTORS 


The CEPEF identified several risk factors that should influ- 
ence the anaesthetic management of horses. These factors 
include the choice of premedicant agent and the mainte- 
nance technique’; these will be discussed in greater detail 
later in this chapter. Risk of dying increased with duration 
of anaesthesia;* therefore, speed is of the essence and all 
procedures should be well planned and all stages expe- 
dited efficiently. Other risk factors included age; young 
foals and older horses were at higher risk.* 


PREOPERATIVE EVALUATION 
AND PREMEDICATION 


Most horses scheduled for surgery, whether for an elective 
or emergency procedure, do not have cardiac disease and 
these patients are the focus of this discussion. Horses with 
cardiac disease are not good candidates for surgery. 
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However, any patient with heart disease should be stabi- 
lized as much as possible prior to anaesthesia (these 
conditions including atrial fibrillation are discussed 
comprehensively elsewhere in this book, see Chapters 13 
and 14). Standing sedation and local anaesthetic tech- 
niques should always be considered in these animals 
and the advent of laparoscopic surgery has expanded the 
scope of procedures that can be performed in conscious 
horses. 

Before anaesthetizing any equine patient a thorough 
clinical examination with an emphasis on the respiratory 
and cardiovascular system is mandatory. Bradydysrhyth- 
mias may be detected in as many as 25% of horses at rest 
but most are categorized as physiological and considered 
benign. The resting adult horse has high vagal tone with 
normal heart rates ranging from 25 to 45 bpm. At low 
heart rates, first- or second-degree atrioventricular (AV) 
block, sinoatrial (SA) block, wandering atrial pacemaker, 
sinus bradycardia and sinus arrhythmia are often present 
(see Chapters 6 and 13). Ina pre-anaesthetic work-up, one 
should confirm that exercise or excitement increases the 
heart rate and abolishes these dysrhythmias; careful aus- 
cultation and palpation of a peripheral pulse is usually 
sufficient. If they are not easily overridden, an electrocar- 
diogram (ECG) and further investigation is warranted. The 
administration of atropine is not recommended as a first 
step to counteract vagal tone because of the CNS excite- 
ment and gastrointestinal stasis that may result from its 
use.’ If surgery is elective, it should be postponed until a 
definitive diagnosis is reached. In an emergency situation 
there is no option but to proceed with caution. If an anti- 
cholinergic is used, glycopyrrolate would be preferable as 
it has fewer undesirable side effects. 

Horses, including foals, should be adequately sedated 
prior to induction of anaesthesia. Omitting premedication 
is associated with a striking increase in the risk of death.* 
The benefits of sedation include a more manageable 
patient and increased safety for personnel, decreased 
excitement and release of endogenous catecholamines 
that may produce dysrhythmias, a reduction in require- 
ments of induction and maintenance agents that have 
potent cardiopulmonary depressive effects, smoother 
maintenance of anaesthesia and a calmer recovery. Does 
the choice of premedicant agent matter? The most com- 
monly used premedicants are the phenothiazine acepro- 
mazine and the o,-adrenergic agents xylazine, detomidine 
and romifidine. More recently medetomidine has been 
used in horses although it has no market authorization in 
this species.*’ These drugs have cardiovascular actions that 
are important to consider in the equine patient. 

The use of acepromazine alone or in combination with 
Q,-agonists was correlated with a lower anaesthetic risk 
compared to other commonly used drugs.** Acepro- 
mazine has antiarrhythmic properties and may offer some 
myocardial protection. In dogs” it reduces the sensitivity 
of the myocardium to catecholamines. Acepromazine can 
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cause a decrease in arterial blood pressure as a result of 
CNS depression, o-adrenergic blockade and decrease in 
total peripheral resistance. A decrease in after-load may 
decrease the workload of the myocardium thereby improv- 
ing blood flow and oxygen delivery to peripheral tissues, 
which would be beneficial during the maintenance phase 
of anaesthesia. Steffey demonstrated a significant fall in 
arterial blood pressure but an increase in cardiac output 
in halothane anaesthetized horses given acepromazine." 
Acepromazine has marked anaesthetic sparing effects; 
0.05 mg/kg reduced the minimum alveolar concentration 
of halothane in ponies by approximately 37%” and this 
is likely to contribute to its beneficial cardiovascular 
effects. Recently acepromazine was shown to improve the 
haemodynamic variables associated with romifidine, 
butorphanol and tiletamine-zolazepam anaesthesia in 
horses. In addition acepromazine decreased the shunt 
fraction and ventilation-perfusion mismatch with result- 
ant improvement in PaO, during recumbency.” There is 
unequivocal evidence that acepromazine exerts a positive 
benefit on horses that are anaesthetized. 

Acepromazine is unlikely to produce satisfactory tran- 
quillization in an excited animal and may cause a pro- 
found fall in blood pressure in these animals because 
a-blockade is superimposed on pre-existing B-mediated 
vasodilatation from endogenous catecholamines; the 
same could happen in horses that have very recently been 
exercised. Acepromazine is likely to cause an exaggerated 
cardiovascular response in the face of hypovolaemia so 
should be reserved for healthy, hydrated elective surgery 
candidates. 

The a-adrenergic agonist agents produce reliable 
sedation,’ predictable, dose-related cardiovascular effects'® 
and a decrease in the requirements for inhalant agents.'” 
Bradycardia and first- or second-degree AV blocks are 
common. Initially, total peripheral resistance and arterial 
blood pressure rise, but this is followed by a period of 
hypotension secondary to a significant decrease in cardiac 
output. The cardiovascular effects of the o,-adrenergic 
agents are most obvious when given intravenously. In a fit 
racehorse with a low resting heart rate and pre-existing AV 
block, high doses of intravenous a-adrenergic drugs can 
cause syncope. Under these circumstances, intramuscular 
administration would be preferable. Slow intravenous 
administration of lower doses of xylazine (<0.03 mg/kg) 
combined with the opioid analgesic butorphanol 
(0.02 mg/kg) will often provide excellent sedation with 
fewer cardiovascular problems. If syncope does occur, 
atropine or glycopyrrolate will usually, but not always, 
increase the heart rate. Fortunately the acute bradycardia 
and AV block are short lived (<5 minutes). 

Collapse following injection of premedicant agents can 
result from inadvertent intra-carotid injection; this is 
easily differentiated from syncope by the violent nature 
in which the horse collapses to the ground. If it is pos- 
sible to safely approach the animal, intravenous access 
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should be confirmed, and diazepam, acepromazine or 
xylazine administered in an attempt to sedate the animal. 
Additional therapy includes fluids and respiratory 
support. The final outcome depends on how much CNS 
damage has occurred. Intra-carotid injections can be 
fatal, particularly with phenothiazine agents’? (personal 
observation). 

In summary, sedation prior to induction of anaesthesia 
is recommended. In most horses adequate sedation can 
only be achieved with o,-agonist agents but the addition 
of acepromazine offers many added benefits. 


INDUCTION OF ANAESTHESIA 


Anaesthesia is most safely and easily induced with inject- 
able agents and indeed induction of anaesthesia with 
inhalant agents, a technique which has been used in foals, 
is associated with an increased anaesthetic risk. None 
of the commonly used induction drugs or protocols 
(diazepam/ketamine, guaiphenesin/ketamine, guaiphen- 
esin/thiopentone, thiopentone) have an effect on 
outcome’ and therefore this choice can be based on the 
anaesthetist’s personal preference, experience and availa- 
bility of drugs. 


MAINTENANCE OF ANAESTHESIA 


Anaesthesia may be short and the procedure completed 
under the influence of the induction agents, or maintained 
by injectable agents given as repeated boluses, or as infu- 
sions, or by inhalant agents including halothane, isoflu- 
rane and sevoflurane. 

The choice of maintenance agent and technique does 
have important implications - the use of volatile agents 
carries a three times higher risk of death than total 
intravenous (TIVA) maintenance (0.99% versus 0.31%, 
respectively).* Although procedures conducted under 
TIVA tended to be shorter this did not fully explain the 
discrepancy in outcome. Intravenous agents cause less 
cardiovascular depression and a decreased stress response 
(less adrenocortical activity). The cardiovascular 
depression associated with volatile inhalant agents seems 
to be implicated in the high incidence of anaesthetic com- 
plications in horses. For these reasons TIVA techniques 
should be used when possible and these have recently 
been reviewed.” The most popular technique is guaiphe- 
nesin-ketamine-xylazine (“triple drip”) which can be used 
for procedures up to 2 hours with minimal cardiorespira- 
tory effects.” Newer techniques that include propofol 
have been reported and provide remarkable cardiovascu- 
lar stability for up to 4 hours’ but the high cost of propofol 
currently limits its use in clinical practice. 


Another approach is to use anaesthetic sparing agents 
in combination with inhalant agents. Infusions of ligno- 
caine produce a dose-dependent decrease in the minimum 
alveolar concentration (MAC) of halothane,™ but unlike 
other species including human beings, opioids are less 
consistent at reducing the requirements of inhalant agents 
in horses.” If the procedures involve surgery of the pelvic 
limb epidural anaesthesia should be considered; mor- 
phine and ketamine both reduced the MAC of halothane 
in the pelvic but not thoracic limbs of ponies.”° 

If inhalant agents are used the question must be is one 
better than the other? In an attempt to answer this ques- 
tion a large randomized study was undertaken to compare 
isoflurane and halothane in equine anaesthesia.’ Overall 
(>8000 horses) there was no difference in outcome 
between the two agents; however, the mortality rate was 
significantly reduced in horses aged 2 to 5 years and the 
incidence of cardiac arrest was reduced by 60%, especially 
in high-risk cases if isoflurane was used. This is likely 
related to a lesser degree of cardiovascular depression 
reported with isoflurane compared to halothane in 
horses.” More recently sevoflurane has been used in 
equine anaesthesia and although it has not undergone a 
large head to head clinical trial with other inhalants, its 
cardiovascular depressant effects are similar to other inha- 
lant agents and are dose related.*°*! 

Regardless of the technique employed, the problems 
faced by the anaesthetist are similar. Throughout anaes- 
thesia, cardiac rhythm and arterial blood pressure must be 
closely monitored, even during short procedures. Careful 
attention to the ECG may show trends that forewarn of 
serious complications. Severe myopathy resulting in the 
inability to stand and euthanasia is a complication of the 
post-anaesthetic period in some equine patients (third 
cause of death in the CEPEF study*’). It has been shown 
unequivocally that the initiating factors of this disease 
originate during anaesthesia, with arterial hypotension 
(mean arterial blood pressure (MAP), less than 70 mmHg), 
even for short periods of time, being the most significant 
contributing factor.™ > 


CARDIOVASCULAR MONITORING 
IN THE ANAESTHETIZED PATIENT 


Obviously, before one can avert or treat a cardiovascular 
problem its presence must be detected. Ideally cardiac 
output (CO) should be measured as this reflects the 
volume of blood pumped by the heart per minute and 
available for perfusion of vital organs and tissues. The 
normal CO of 70 mL/kg/minute in conscious horses can 
fall by 30-50% in patients anaesthetized with volatile 
agents especially if mechanically ventilated.*° Cardiac 
output measurement is not commonly performed in a 
clinical setting although newer technologies in both adult 
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horses and foals now make it more feasible.” A descrip- 
tion of the technologies involved is beyond the scope of 
this chapter but the interested reader is directed to a review 
by Corley and others.*” 

Much can be learnt about the cardiovascular status of 
the horse by touch and careful observation. The peripheral 
pulse should be palpated frequently and is easily felt at 
the facial artery, digital arteries of the front and hind 
limbs, or dorsal metatarsal artery. The pulse rate in an 
anaesthetized adult horse is usually 25-50 bpm. It must 
be emphasized that it is pulse pressure (PP), the difference 
between systolic (SBP) and diastolic pressure (DBP), that 
is being felt when palpating a pulse and that even if it feels 
strong it does not necessarily equate to an adequate MAP. 
For example, a horse with a SBP/DBP of 100/40 has a 
pulse pressure of 60 and a MAP of 60 mmHg using the 
formula MAP = (SBP + (2 x DBP)/3). An animal with a 
SBP/DBP of 120/90 has a pulse pressure of only 30 which 
may feel soft, yet its MAP (100 mmHg) is much better 
(Fig. 20.1). The relationship between blood pressure and 
cardiac output must also be considered when interpreting 
blood pressure values: 


MAP = cardiac output x systemic vascular resistance 


It can be seen from this equation that changes in blood 
pressure are not always correlated with changes in CO but 
may reflect changes in vascular resistance and therefore 
perfusion. However, if MAP and mucous membrane 
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Figure 20.1 The arterial waveform of these two horses 
shows the importance of direct blood pressure monitoring. 
Horse B has a pulse pressure (PP) of 60 mmHg and will feel 
strong on palpation yet the mean arterial pressure (MAP) is 
only 60 mmHg. Horse A has a PP half that of horse B but 

its MAP is 100 mmHg. However, waveform A suggests 
peripheral vasoconstriction which impedes cardiac output 
whereas waveform B shows a rapid “runoff”: blood pressure 
and cardiac output are not well correlated in anaesthetized 
horses. See text for details. 
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colour are taken into account the anaesthetist should have 
a good idea of perfusion. 

The colour of the mucous membranes and the capillary 
refill time (CRT) should be assessed as they indicate per- 
fusion of peripheral tissues; however, in horses these can 
be misleading due to pigmentation and CRT can be meas- 
ured, albeit prolonged, in a dead horse. When monitoring, 
one should not rely on a single factor, but build a com- 
posite picture of events from several sources. 

Electrocardiography is useful for determining rate, 
rhythm and conduction times but one must be cognizant 
that an ECG only reflects electrical events and not mechan- 
ical function of the heart. The ECG can be obtained using 
a standard lead system, but during anaesthesia a simple 
monitor lead such as the base-apex lead may be more 
practical and less likely to interfere with the surgical site 
(see Chapter 13). A recorder is useful so that a reference 
ECG can be obtained at the start of the case for future 
comparison. 

Arterial blood pressure can be measured indirectly 
(noninvasively) or directly (invasively). Noninvasive 
methods are attractive, because they are usually less expen- 
sive and simple. The Doppler method has been extensively 
used in horses; this involves placing a piezoelectric probe 
over an artery, the coccygeal being the most popular. The 
probe detects blood flow, which is amplified and emitted 
at an audible frequency from the Doppler unit. A blood 
pressure cuff and sphygmomanometer are applied prozi- 
mally; the cuff is inflated until no blood flow is heard then 
slowly deflated. The first sound occurs when SBP equals 
cuff pressure. Unfortunately, this technique cannot accu- 
rately define MAP, which is the primary determinant of 
perfusion pressure. In addition, studies show that this 
method leads to large measurement errors in dorsally 
recumbent horses.*° Commercially available oscillometric 
instruments may have similar limitations and are often 
unable to measure at the normal slow heart rate of adult 
horses. The accuracy of an indirect oscillometric monitor 
has been reported in both awake and anesthetized foals.” 
There was good agreement between this technique (cuff 
placed around the tail) and direct measurement (greater 
metatarsal artery) for mean and diastolic blood pressure 
but less so for systolic blood pressure. Giguere and others 
also concluded that indirect oscillometric techniques were 
acceptable for measuring MAP in foals but in that study 
blood pressure did not correlate with cardiac output.” 
Another disadvantage of these techniques is the frequency 
of recording; it may take several minutes for the machine 
to complete its cycle, resulting in a delay in important 
information reaching the anaesthetist. 

In all but the shortest of procedures, direct blood pres- 
sure monitoring is recommended. This requires catheteri- 
zation of a peripheral artery and a site is chosen that gives 
the anaesthetist free access without interfering with the 
surgical field. The arterial catheter can be connected to a 
pressure transducer placed at the level of the atrium (point 
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Figure 20.2 Simultaneous recording of 
the electrical and mechanical function o 


the heart. 


of the shoulder in dorsal recumbency, at the level of the 
xiphoid if in a lateral position) and displayed on an oscil- 
loscope, usually along with the simultaneously recorded 
ECG (Fig. 20.2). This system will provide beat-by-beat 
information on systolic, diastolic and mean blood pres- 
sure. Interpretation of the arterial wave form may indicate 
if there is peripheral vasoconstriction; a long slow decline 
in the waveform suggests resistance to run off (vasocon- 
striction, waveform A in Fig. 20.1) and a steep and rapid 
decline would suggest that peripheral resistance is low 
(waveform B in Fig. 20.1); vasoconstriction and increased 
afterload may be associated with a lower cardiac output. 
Pulse contour analysis is an emerging noninvasive tech- 
nology for assessing cardiac output and has been studied 
in horses.” 

An alternative but excellent system employs an aneroid 
manometer. An inexpensive aneroid manometer can be 
connected via heparinized-saline filled tubing to the cath- 
eter. The needle deflects with each pulse and the upper 
deflection corresponds to the MAP. 

Arterial blood gas monitoring is also recommended in 
anaesthetized horses because hypoxaemia due to shunting 
and ventilation-perfusion mismatch is common and will 
impact on oxygen delivery to vital organs and tissues.“*^ 


INTRAOPERATIVE CARDIOVASCULAR 
COMPLICATIONS 


Hypotension 


Hypotension associated with a decreased cardiac output 
is probably the commonest problem facing the equine 


he ECG and pulse pressure provides the anaesthetist with continuous information on 


anaesthetist. Undetected and untreated hypotension may 
lead to cardiovascular collapse and serious postoperative 
consequences including myopathies. Mean arterial blood 
pressure in awake horses is usually between 105 and 
135 mmHg. Below a MAP of 60 mmHg autoregulation of 
blood flow to vascular beds is lost. Blood pressure must 
be monitored under anaesthesia and it is desirable to 
maintain a MAP greater than 70 mmHg to avoid muscle 
hypoperfusion and postanaesthetic mypopathy in adult 
horses. If only indirect systolic pressure (SAP) can be 
measured, one must be cognizant of its limitations,“ but 
a SAP greater than 90 mmHg, especially in a laterally 
recumbent animal, should reflect an adequate MAP. 
There are many possible causes of hypotension (Table 
20.1), and often more than one problem is present. These 
include continued influence of premedicant and induc- 
tion agents, potent inhalant agents, positive pressure ven- 
tilation, hypovolaemia, too deep a plane of anaesthesia 
and bradycardia. Positive pressure ventilation retards 
cardiac return and can lead to a drop in cardiac output 
and blood pressure. If ventilation seems to be the cause, 
check that the peak inspiratory pressure is <20 cmH,O, 
and that the expiratory pause is as long as possible. 
Administration of antibiotics, especially sodium penicil- 
lin, may cause a significant drop in arterial blood 
pressure.*° 

Paradoxically, it is a common observation among 
anaesthetists that very fit horses appear more susceptible 
to hypotension. Reasons such as differences in body com- 
position and muscle mass have been suggested but there 
is no comprehensive scientific study that provides a good 
explanation; however, if the surgery is elective and the 
horse is “let-down” for 7-10 days, it usually fares better 
under anaesthesia. 
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Table 20.1 Possible causes and specific treatments of hypotension in anaesthetized horses 


CAUSE 


Premedicant agents 
Acepromazine 


Q2-adrenergic agents 


Inhalant agents 


TREATMENT(S)* 


Usually only seen in hypovolaemic horses 

— IV fluids, ephedrine 

If associated with severe bradycardia and pronounced AV block 
— glycopyrrolate 

— atropine 


Check anaesthetic depth 

— if plane of anaesthesia is deep decrease vaporizer setting 

— if depth seems adequate, give IV lignocaine so that vaporizer 
setting may be decreased 


Intermittent positive pressure ventilation 


Reduce peak inspiratory pressure 
Increase length of expiratory pause 
Return to spontaneous breathing 


Bradycardia 


Glycopyrrolate 
Atropine 


Hypovolaemia 
Blood loss 


Large volumes of IV fluids 

— insert additional IV catheters, use a fluid pump 
— hypertonic saline 

— colloids 


Monitoring error 


Recheck calibration of equipment and level of pressure 
transducer relative to the heart 


Intravenous antibiotics 


Stop administration, increase IV fluid rate 


Change in position of horse 


If horse was moved from lateral to dorsal, return it to lateral. 
Move positions very slowly 


*If hypotension persists after specific interventions, pharmacological 


Pharmacological treatment of 
hypotension (Table 20.2) 


If the response to specific treatments for hypotension (see 
Table 20.1) is not rapid, then pharmacological interven- 
tion is indicated; it is unwise to delay treatment or allow 
hypotension to persist for more than 10 minutes. Infu- 
sions of the positive inotropes dopamine or dobutamine 
are the anaesthetist’s mainstay for therapy. Both drugs are 
catecholamines and increase myocardial contractility and 
cardiac output by their specific agonist action on B,- 
adrenoceptors.“ -* These agents are superior to drugs such 
as ephedrine, phenylephrine, adrenaline (epinephrine) 
and calcium chloride because of their specificity, and as 
they are administered by infusion and have a short dura- 
tion of action they are easily controlled and titrated to the 
desired effect. In most cases a good response is seen when 
either drug is given in the dose range 1-5 ug/kg/minute. 
The ECG should be observed carefully during the ad- 
ministration of dopamine and dobutamine as cardiac 
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treatment should be initiated. 


Table 20.2 Drugs used to treat cardiovascular problems 
in anaesthetised horses 


DRUG 


Atropine 
Bretrylium tosylate 
Dobutamine 
Dopamine 
Ephedrine 


Adrenaline (epinephrine) 
Glycopyrrolate 
Lignocaine 
Phenylephrine 
Procainamide 


Propranolol 
(Arginine) Vasopressin 


DOSE 


0.005-0.01 mg/kg IV 

3-10 mg/kg IV 

1-5 ug/kg/minute IV 

1-5 ug/kg/minute IV 

0.03-0.06 mg/kg IV 

0.01 mg/kg IV 

0.005-0.01 mg/kg IV 

1-2 mg/kg IV 

0.2-0.4 ug/kg/minute 

1 mg/kg/minute (maximum 
dose — 20 mg/kg) 

0.03-2.0 mg/kg IV 

0.25-0.74 mU/kg/minute 


All doses are for intravenous use. See also Tables 7.1 and 13.4. 
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dysrhythmias can occur,“ especially at higher infusion 
rates and more commonly with dopamine. If dysrhyth- 
mias do occur, the infusion should be stopped and the 
situation reassessed. Clinically dobutamine is more com- 
monly used in horses because it usually results in an 
improvement in blood pressure (which is commonly the 
main method of cardiovascular monitoring) and cardiac 
output,“ whereas dopamine may increase cardiac output 
but create a fall in arterial blood pressure making it diffi- 
cult to assess the response in a clinical setting.” If there is 
a poor response to the infusion of dopamine or dob- 
utamine, one should investigate why. These agents work 
poorly outside the normal physiological pH range, so a 
blood gas can be drawn and if this confirms one’s suspi- 
cion, steps can be taken to correct the abnormal acid-base 
balance. It may be that the horse is hypovolaemic and was 
not fully hydrated prior to induction, or has a “relative” 
hypovolaemia secondary to vasodilatation or venous 
pooling. Under these circumstances, a positive inotrope 
will be ineffective, because no matter how hard the myo- 
cardium contracts, there is insufficient blood to eject. In 
this situation, the usual response to dopamine or dob- 
utamine administration is tachycardia without improve- 
ment in mean arterial pressure. Decreased venous return 
can be precipitated by moving the horse from lateral to 
dorsal recumbency and venous pooling can occur if there 
is mechanical obstruction of blood flow in a large amount 
of intestine. If the cause is obvious, it can be corrected, for 
example, by returning the horse to a lateral position. If 
deficient circulating volume is the cause, continue to 
deliver intravenous fluids (additional intravenous cathe- 
ters can be placed or colloids (see later) can be infused) 
and administer an alternative cardiotonic drug; both ephe- 
drine and phenylephrine can be useful. Ephedrine has 
a direct and indirect action at both o- and B-adrenergic 
receptors. In normovolaemic halothane anaesthetized 
horses, doses of 0.06 mg/kg increased systemic blood pres- 
sure, and the mode of action appeared to be predomi- 
nantly via the B-actions on the heart producing an increase 
in stroke volume.” Ephedrine is often effective in 
hypovolaemic animals and it is likely that in these 
circumstances, the a-adrenergic actions are beneficial. 
Phenylephrine is best given as an infusion (0.2-0.4 ug/kg/ 
minute) and titrated to the desired effect. It is a pure 0- 
agonist and will mobilize blood from the venous capaci- 
tance vessels and improve cardiac return. Phenylephrine 
should only be used if other measures have failed as the 
intense vasoconstriction adversely affects muscle blood 
flow and may result in postanaesthetic myopathy.” 
Arginine vasopressin is currently undergoing multiple 
studies in research and clinical settings for the treatment 
of refractory hypotension and shock, both in humans and 
animal models but little is known about it in horses.” 
Caution is warranted since its use can seriously decrease 
splanchnic blood flow” and in a model of induced hypo- 


tension in foals noradrenaline and dobutamine were 
superior to vasopressin for restoring cardiovascular func- 
tion and maintaining splanchnic circulation.’ Although 
there is little information on the use of infusions of vaso- 
pressin for the support of blood pressure in anaesthetized 
horses a suggested dose is 0.25-0.75 mU/kg/minute and 
this can be given in conjunction with a positive inotrope 
such as dobutamine (personal experience). 

Another mode of therapy that can be employed 
when faced with refractory hypotension is infusion of 
hypertonic saline. A 7.5% solution of saline has benefi- 
cial cardiovascular actions under a variety of circum- 
stances. Pretreatment with hypertonic saline prevented 
anaesthetic-induced hypotension in horses,’ and was 
highly effective when used to treat endotoxic shock.” The 
practical appeal of this therapy includes its simplicity, low 
cost and speed; only 4 mL/kg are required, and 2 L can be 
administered to an adult horse in a matter of minutes. 
Physiologically the responses include an increase in 
cardiac output and systemic blood pressure with a decrease 
in total peripheral resistance resulting in improved per- 
fusion.°*** Hypertonic saline is especially useful during 
acute haemorrhage if blood is unavailable or there is a 
delay in obtaining it. Its administration should be fol- 
lowed by crystalloid fluids to restore extracellular fluid. 
Colloids including hetastarch and dextrans can be given 
to increase vascular volume and because a greater percent- 
age of the given volume remains in the vascular space for 
a longer period of time the response to these fluids is more 
rapid than that of crystalloids. 


Hypertension 


The equine anaesthetist is so often battling hypotension 
in their patients that it is perhaps surprising to include 
hypertension as an intraoperative complication. Applica- 
tion of a tourniquet to the distal limb is a technique used 
by surgeons to maintain a blood-free surgical site. This can 
lead to dramatic haemodynamic changes, especially if the 
tourniquet is on the dependent limb.°”*® Systolic blood 
pressure climbs after tourniquet application and SBP 
values greater than 200 mmHg followed by a rapid drop 
after removal have been recorded.” The aetiology of 
these changes is uncertain but likely reflects tourniquet 
pain. The potential dangers of hypertension include severe 
reflex bradycardia, elevated intracranial pressure, increased 
left ventricular work and rupture of arterial aneurysms. If 
arterial blood pressure is relied upon as the sole indicator 
of anaesthetic depth, there is a danger of anaesthetic over- 
dose and dangerously low blood pressure when the tour- 
niquet is removed. If the tourniquet cannot be removed 
and blood pressure is alarmingly high, acepromazine 
can be given and sometimes a local anaesthetic block 
above the tourniquet relieves the haemodynamic response 
(personal observation). 
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Figure 20.3 ECG demonstrating a second-degree AV block in an anaesthetized horse. The horse had been premedicated with 
detomidine 30 minutes prior to this recording. The arterial blood pressure was adequate in this horse (systolic, diastolic and 


mean pressure of 
start of surgery. 


Dysrhythmias 


Isolated premature atrial depolarizations and sinus 
arrhythmias are usually benign and rarely require treat- 
ment; however, if these occur potential contributing 
factors such as acid-base and electrolyte imbalances, 
hypoxaemia or abnormal carbon dioxide levels should be 
investigated. The most common intraoperative rhythm 
disturbance is first- or second-degree AV block (Fig. 20.3). 
This may have originated from administration of 
a-adrenergic premedicant agents whose effects have per- 
sisted through the induction phase, or may arise spontan- 
eously. AV blocks may or may not require treatment; the 
decision depends on whether there is concurrent hypoten- 
sion, the overall heart rate, frequency of dropped beats 
and duration of the pause between beats. Glycopyrrolate 
is the anticholinergic of choice to treat severe bradycardia 
during anaesthesia as it is less arrhythmogenic, causes less 
tachycardia, does not cross into the CNS and has fewer 
gastrointestinal effects when compared to atropine. Its 
onset of action is slower, so perhaps if the bradycardia or 
AV block was considered life threatening, atropine would 
be the first drug of choice. 

The administration of atropine or glycopyrrolate will 
often be effective but sometimes B-adrenergic drugs such 
as dobutamine or ephedrine are needed (see Table 20.2). 

Great care must be taken if atropine and dobutamine 
are used together; in the presence of atropine, the arrhyth- 
mogenic dose of dobutamine is decreased by approxi- 
mately 60% and administration of an anticholinergic to 
horses given dobutamine can precipitate serious supraven- 
tricular tachycardia.”” 6° 

Ventricular premature depolarizations (VPDs) should 
be taken seriously as they usually reflect a more sinister 
cardiac abnormality. VPDs can be a sign of myocarditis, 
myocardial hypoxia or ischaemia. They can also arise 
during treatment with sympathomimetic agents. Adrena- 
line is used by some surgeons to control haemorrhage and 
if rapidly absorbed may cause ectopic ventricular activity; 
therefore, only low concentrations and small volumes 
should be used for this purpose and other methods of 
haemostasis tried first. 

Ideally, the cause of VPDs should be identified and 
specific therapy initiated. Look for factors that may 
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enhance abnormal electrical activity such as hypercarbia 
and hypoxia and take steps to correct these; if halothane 
is being used, it may help to switch to isoflurane or 
sevoflurane that are less likely to sensitize the myocardium 
to catecholamine-induced dysrhythmias. If myocardial 
hypoxia secondary to profound hypotension is suspected, 
then treatment should focus on improving the patient's 
haemodynamic status as described above. If an infusion 
of dopamine appears to be the culprit, stopping this will 
quickly resolve the problem due to dopamine’s short half- 
life. If an inciting cause is not identified or corrected, 
antiarrhythmic drugs may be indicated. Lignocaine can be 
given at 1-2 mg/kg intravenously as a slow bolus and, if 
needed, can be continued as an infusion. If lignocaine is 
ineffective, procainamide or propranolol can be tried (see 
Table 20.2). One caveat of administering antiarrhythmic 
drugs is that they must not be given to horses that have 
VPDs in conjunction with sinus arrest or AV block, as this 
can lead to cardiac collapse; these cases require an agent 
that will speed conduction such as glycopyrrolate or 
atropine. 

Hypoxaemia (PaO, < 8 kPa, 60 mmHg) and ventilation- 
perfusion mismatch is common in anaesthetized horses***” 
and can contribute to dysrhythmias. Clinically the sim- 
plest way to treat these patients is with aerosolized 
salbutamol” which results in an improvement in PaO, 
within 20 minutes in most horses with no adverse cardio- 
vascular effects. 


Electrolyte disturbances 


The most important electrolyte for normal cardiovascular 
function is potassium (see Chapter 6). Hyperkalaemia 
is the most problematic and common disturbance 
encountered in the perioperative period. This may be 
a pre-existing condition, for example, in foals with 
uroperitoneum; in these cases potassium levels should be 
stabilized prior to anaesthesia. A more problematic case 
scenario involves horses with hyperkalaemic periodic 
paralysis (HYPP) that has become a widespread disease in 
the equine community. This hereditary disease is 
described in Quarter horses, Appaloosas and Paints and is 
characterized by periods of profound muscle weakness, 
fasciculations, respiratory stridor and collapse.**-°° Usually 
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it is accompanied by hyperkalaemia but a normokalaemic 
variant may occur.” The anaesthetic complications associ- 
ated with this disease have been reported and some out- 
comes have been fatal? and owners of these horses 
should be informed of the increased risks. Although there 
is a genetic test for this disease, not all horses are tested; 
therefore the anaesthetist may be unaware of their status. 
Some horses may be symptom-free without treatment and 
some may be receiving treatment for the disease, usually 
oral acetazolamide. One of the trigger factors for an attack 
is stress; therefore, in a perioperative setting all horses with 
this disease should be considered likely to trigger and the 
anaesthetist must recognize the signs under anaesthesia, 
monitor for it and be ready to treat. Sudden and dramatic 
increases in potassium can occur without warning and 
some horses may undergo several uneventful anaesthetics 
yet trigger on another occasion (personal experience). 
Physical signs under anaesthesia usually include muscle 
fasciculations and this may be mistaken for the horse 
waking up. Horses with HYPP scheduled for an elective 
procedure but not under medical management should be 
started on treatment at least 2 days before anaesthesia; the 
most common drug used is acetazolamide.®° 

The electrocardiographic changes associated with 
increasing plasma potassium levels have been docu- 
mented” and described in horses with HYPP.”* Normal 
reference ranges for plasma K* values depend on the indi- 
vidual laboratory or measurement system used so should 
be established by each clinic; however, the normal range 
falls between 3.0 and 4.5 mmol/L. An increase in plasma 
K* decreases the cell resting membrane potential, decreases 
the rate of phase 0 depolarization and shortens the action 
potential. In research ponies given intravenous potassium 
chloride the ECG changes are described as follows”; at 
plasma levels >4.5 mmol/L the P wave amplitude begins 
to change and at >6.5 mmol/L P wave duration increases; 
the P wave may reverse between 8.6 and 9.7 mmol/L and 
usually disappears between 9.4 and 12.6 mmol/L. The 
QRS complex is usually unaffected by plasma K* values 
below 7.5 mmol/L but above this it begins to widen; ST 
elevation may be seen with merging of the QRS with the 
T wave resulting in a slow sinusoidal waveform. At plasma 
K* values over 7.5 mmol/L the height of the T wave 
increases. Periods of cardiac arrest lasting >60 seconds 
may occur at values >9 mmol/L followed by a terminal 
arrhythmia which may be complete arrest or ventricular 
fibrillation. Periods of bradycardia and second-degree AV 
block may be seen at any time during a hyperkalaemic 
crisis but do not respond to anticholinergic therapy 
because the problem is at the cellular level not the receptor 
level. If the blood pressure is being monitored as plasma 
K* rises hypotension is usually present. 

Horses with HYPP should be adequately sedated as 
described earlier to decrease stress, and acepromazine is 
highly recommended because of its anti-arrhythmic and 
anaesthetic sparing effects, however there is no strong 


indication for a specific premedication or induction pro- 
tocol in these patients. Isoflurane or sevoflurane should 
be used in preference to halothane because they do not 
sensitize the heart to catecholamine-induced dysrhyth- 
mias and produce less cardiovascular depression.” 
Potassium-free fluids should be used and therefore 0.9% 
sodium chloride is a good choice. 


MONITORING HYPP PATIENTS 


A preinduction blood gas and electrolyte analysis should 
be performed to establish a baseline and repeated every 
30 minutes during the procedure or immediately if clinical 
signs appear or a change in heart rate or ECG is noted. 
Portable and relatively inexpensive point-of-care analysers 
have facilitated these measurements and have been evalu- 
ated for use in horses.”* The pH should be kept as close to 
normal (7.40)as possible since acidosis can promote 
movement of potassium from intracellular locations to 
the blood. Under anaesthesia, respiratory acidosis is 
common so ventilation should be assisted to maintain 
normocapnia (PaCO, of 5.3-6.0 kPA, 40-45 mmHg). The 
ECG must be monitored continuously for signs of increas- 
ing plasma potassium levels as outlined above. An emer- 
gency kit containing dextrose, sodium bicarbonate, 23% 
calcium borogluconate and insulin with precalculated 
doses should be available so that treatment can be quickly 
initiated (see Table 20.3 for doses). Sodium bicarbonate 
should not be used if the PaCO, is increased or cannot be 
controlled because sodium bicarbonate will liberate CO, 
and worsen the respiratory acidosis; it can be used if meta- 
bolic acidosis is present as correcting the pH will drive K* 
into cells. Calcium-containing solutions will counteract 
the cellular effects of K* and will “buy time” until plasma 
K* values can be decreased by increasing the fluid admin- 
istration rate (dilutional effect) and administering dex- 
trose and if needed insulin, which drive K* back into cells. 
Treatment should be initiated if changes in the ECG 
compatible with hyperkalaemia occur even before a 
confirmatory electrolyte analysis is performed as plasma 
levels can climb to fatal levels very quickly. An increase of 
>1 mmol/L over baseline potassium values warrants 
caution and levels >5.5 mmol/L should be treated. 


Table 20.3 Recommended treatment for hyperkalaemia 


DRUG 


Calcium borogluconate (23%) 
Sodium bicarbonate 

Insulin (regular/soluble) 
Dextrose 


DOSE (IV) 


0.2-0.4 mL/kg 

1-2 mEq/kg 
0.05-0.15 IU/kg 
0.5-1.0 g/kg 

2 g per unit of insulin 
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Reflex vagal responses 


Sudden bradycardia or asystole can occur in response to 
specific manipulations including traction on the bladder, 
spermatic cord or ovarian pedicle, and by joint distension; 
however, clinically their occurrence is unpredictable. Stim- 
ulation via the ovarian pedicle and spermatic cord are 
often accompanied by sudden peripheral vasoconstriction 
and hypertension that are the likely cause of the bradycar- 
dia. These nociceptive responses are mediated through 
a vagal reflex. It is difficult for a surgeon to perform an 
ovariectomy without applying traction to the ovarian 
pedicle; however, a lignocaine block may help to obtund 
the response and the use of local anaesthetics is also rec- 
ommended for castration. If these procedures cause acute 
bradycardia or asystole occurs a normal rhythm can fre- 
quently be restored simply by having the surgeon stop the 
manipulation. If this is not sufficient, or it reoccurs each 
time the surgeon tries to continue, an anticholinergic may 
be given (see Table 20.2) and an appropriate anaesthetic 
block performed. 

Cardiac complications during ophthalmic surgery in 
foals and adult horses have been reported’”””® but are not 
as common as in humans. The oculocardiac reflex result- 
ing in acute bradycardia, asystole or atrioventricular block 
can be initiated by increased intraocular pressure, pressure 
on the globe or traction on extraocular muscles. Although 
mediated through a vagal reflex, pretreatment with an 
anticholinergic does not guarantee inhibition of the 
response; this fact in combination with the known com- 
plications of anticholinergics in horses precludes their 
routine use in ophthalmic patients. In an attempt to avoid 
these complications and to provide a more reliable inhibi- 
tion of the oculocardiac reflex, Raffe and others” per- 
formed retrobulbar blocks in horses scheduled for eye 
surgery. This technique significantly reduced the cardio- 
vascular complications related to enucleation and cataract 
surgery; 4 of 25 horses in the control group developed 
cardiovascular complications (3 second-degree AV block, 
1 cardiac arrest) whereas only one of the 12 horses in the 
retrobulbar group developed problems and this was a 
brief period of AV block which responded quickly to atro- 
pine administration. In addition this technique provided 
a more stable field for the surgeon and potentially better 
postoperative pain relief. The block must be performed 
carefully to avoid damage to retrobulbar structures and the 
heart rate and blood pressure must be monitored carefully 
because the procedure itself may cause a reflex vagal block. 
An auriculopalpebral block may be beneficial as it will 
prevent the palpebral response, relax the extraocular 
muscles which should provide better surgical conditions 
and potentially reduce the chance of pressure on the 
globe. 

All horses undergoing ophthalmic procedures should 
have their heart rate and blood pressure closely and con- 
tinuously monitored. An audible monitor of pulse rate, 
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such as a Doppler, is strongly recommended. If a problem 
arises, the surgeon should stop and the situation assessed. 
Less aggressive manipulation, anticholinergic agents or a 
local anaesthetic block may be required before the proce- 
dure can be continued. Sudden onset of bradycardia with 
no obvious explanation should always be taken seriously 
as it can be the harbinger of impending cardiac arrest.” 
Treatment would include turning off the inhalant anaes- 
thetic if being used, providing 100% oxygen and admin- 
istration of intravenous atropine. 


Cardiac arrest or collapse 


Cardiac arrest represents the most serious cardiovascular 
complication that an anaesthetist can face. The results 
of the Confidential Enquiry into Perioperative Equine 
Fatalities revealed that approximately one-third of unex- 
pected deaths are a consequence of cardiac arrest.*” This 
occurs most commonly during the surgical procedure 
(78%) but can also happen at induction (13%) or during 
recovery (8%). 

Sometimes the cause of cardiac arrest can be deter- 
mined, for example, hyperkalaemia or sudden catastrophic 
haemorrhage is not totally unexpected as in the case of 
a severely compromised patient with colon torsion and 
endotoxaemia. However, it can occur unexpectedly and 
without warning in healthy horses during elective surgery 
and without warning even in horses that are being ade- 
quately monitored.’”-*° 

Cardiovascular collapse can occur when horses are 
moved from one lateral position to the other: the aetiol- 
ogy of this phenomenon is unknown but may be related 
to redistribution of drugs and blood volume and is well 
recognized by anaesthetists. It is recommended to avoid 
this manoeuvre but when mandated by the surgical pro- 
cedure, the move should be done slowly and with careful 
monitoring of the heart rate and blood pressure. 

Performing cardiopulmonary resuscitation (CPR) on a 
horse sounds somewhat daunting but should not be 
thought of as futile; there are reports of successful out- 
comes’’’®°° when the arrest was recognized early and 
treated aggressively. 

Diagnosis depends on monitoring arterial blood pres- 
sure and electrical activity of the heart. It should be 
emphasized that the horse can still have a palpebral reflex 
and be breathing spontaneously when cardiac function 
has ceased” (personal experience). When functional 
cardiac activity stops, there is no detectable peripheral 
pulse and if blood pressure is being monitored directly 
there is no visible arterial wave form. The ECG may show 
asystole (flat line), ventricular fibrillation (erratic wave 
forms) or a somewhat normal electrical pattern (pulseless 
electrical activity). It is unclear from the literature which 
type of arrest is most common in the horse but asys- 
tole’”’**° and fibrillation®® have both been reported. 
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The goal of CPR is to restore blood flow to organs that 
cannot tolerate oxygen deprivation, most importantly the 
brain and myocardium. In addition, if some blood flow 
can be maintained, even if it is suboptimal, for short 
periods of time, there is a chance of delivering cardiovas- 
cular stimulants to the myocardium and vascular beds.®' 

As in all species the “ABCDs” of CPR should be imme- 
diately initiated. Airway - if not already in place an airway 
must be established with an endotracheal tube. Breathing 
- some horses may continue to breathe even after cardiac 
function has ceased, but if apnoea has occurred breaths 
can be administered using a demand valve attached to a 
source of oxygen, or by manually compressing the 
rebreathing bag on the anaesthetic machine, making sure 
that the vaporizer has been turned off and the circuit 
flushed with oxygen. Circulation should be assessed and 
supported. In research ponies weighing between 103 and 
173 kg, cardiac arrest occurred after endotoxin administra- 
tion but external thoracic compressions at a rate of 20/ 
minute maintained systolic and diastolic aortic blood 
pressure above 50% of baseline values and resuscitation 
was successful in 6 out of 8 animals.*’ Hubbell and 
others™ reported that thoracic compression at a rate of 80/ 
minute can produce a cardiac output of approximately 
8 L/ minute and a mean arterial blood pressure of approxi- 
mately 49 mmHg in adult horses weighing an average of 
445 kg. This cardiac output is only half that reported for 
horses in a deep surgical plane of anaesthesia and is not 
life sustaining, but may be sufficient for distribution of 
emergency drugs to the myocardium and vascular tissues. 
Rates of 40 and 60 compressions per minute only pro- 
duced a mean cardiac output of 5.5 and 6 L, respectively. 
These investigators performed thoracic compression on 
horses in left lateral recumbency by delivering a blow 
just behind the elbow with their knee; however, it is 
unlikely they were directly compressing the heart and 
more likely that they were causing an increase in intratho- 
racic pressure. The heavier the resuscitator the better the 
cardiac output, but this procedure is exhausting and can 
usually only be sustained for brief periods; therefore 
appropriate emergency drugs must be available and 
quickly administered. 


Drugs 


If the arrest was preceded by profound bradycardia or 
AV block, atropine or glycopyrrolate are appropriate 
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INTRODUCTION 


Critically ill horses commonly develop cardiovascular 
complications, often associated with systemic inflamma- 
tory response syndrome (SIRS), multiple organ dysfunc- 
tion syndrome (MODS) or electrolyte and acid-base 
disturbances that are seen in a variety of systemic condi- 
tions, most notably in the adult horse with gastrointestinal 
diseases and in foals with neonatal septicaemia or perina- 
tal asphyxia syndrome. Equally, a wide range of primary 
cardiac disorders should be considered in horses present- 
ing as emergencies with signs of recent onset heart failure: 
horses that experience sudden-onset disruption of valvular 
integrity can develop dramatic and fulminant signs of 
heart failure and horses with pericarditis or myocardial 
lesions such as bacterial myocarditis and cardiomyopathy 
also tend to present as emergencies with signs of recent 
onset heart failure (see Chapters 17 and 19). The clinician 
should also be careful not to overlook the potential for 
primary cardiovascular disease in animals presenting with 
signs of shock, pain and distress and it is important to 
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note that horses with intrathoracic disease and certain 
cardiac dysrhythmias may initially display signs that are 
confused with colic of gastrointestinal origin. Primary 
cardiac diseases of the horse are extensively described in 
the other chapters in this book, while this chapter will 
focus on cardiovascular complications that are encoun- 
tered commonly in the intensive care unit (ICU). 


PREVALENCE AND RISK FACTORS 
FOR CARDIOVASCULAR 
COMPLICATIONS IN THE ICU 


Although there are no specific data on the prevalence 
of cardiac problems in equine ICU, endotoxaemia is 
undoubtedly the major pathological state which underlies 
a large proportion of secondary cardiac problems seen in 
critically ill adult horses, while in the foal septicaemia, 
perinatal asphyxia and prematurity/dysmaturity are 
common underlying primary problems. Endotoxaemia 
can be associated with a range of forms of gram-negative 
sepsis and in adults the gastrointestinal tract is its most 
frequent source, while peritonitis, metritis, pleuropneu- 
monia and neonatal septicaemia are also common poten- 
tial causes. Mild fibrinous pericarditis, right atrial and 
ventricular enlargement, myocardial depression and ven- 
tricular tachycardia have been documented in streptococ- 
cal toxic shock with multiple organ dysfunction in a horse.’ 
Streptococcal toxic shock was previously associated specifi- 
cally with Streptococcus pyogenes infection in humans but it 
is now recognized in association with a wide range of 
Streptococcal species in both human beings’ and dogs.’ In 
the last 20 years, there has been a marked increase in the 
frequency of diagnosis of the condition in human beings? 


267 


zR Cardiology of the horse 


and it may become more important in horses in the 
future.' 


CARDIOVASCULAR MONITORING 
IN THE ICU 


Electrocardiography (ECG) 


Clinical examination remains the most important diag- 
nostic tool available to the equine clinician. However, in 
critical patients, dysrhythmias can easily go undetected on 
both clinical examination and using short ECG rhythm 
strips because dysrhythmias frequently occur intermit- 
tently and particularly in the case of monomorphic ven- 
tricular tachycardia, are often very regular and difficult to 
appreciate on auscultation alone. A variety of ambulatory 
and telemetric ECG systems are available for use in horses 
(see Chapter 10). Telemetric systems have the major 
advantage in the ICU that the clinician can identify 
arrhythmic episodes immediately and take appropriate 
action; thus, radiotelemetric ECG is the technique of 
choice for monitoring horses with unstable dysrhythmias 
and those receiving potentially pro-arrhythmic drugs. 


Haemodynamic monitoring 


Indirect techniques are the most accessible method for 
blood pressure measurement in conscious horses. The coc- 
cygeal artery is used most often in both foals and adult 
horses. The cuff width should be 0.2-0.26 times the tail 
circumference because blood pressure is underestimated if 
the cuff is too wide and overestimated if it is too narrow.’ 
The inflation bladder must be centred over the artery 
and the cuff fitted tightly’ to avoid inaccuracy in blood 
pressure measurement.®” The indirect blood pressure in 
healthy adult horses is 111.8 + 13.3 mmHg in systole and 
67.7 + 13.8 mmHg in diastole.* A number of studies have 
reported noninvasive blood pressures in healthy foals as 
around 80-125 mmHg in systole and 60-80 mmHg in 
diastole.” However, the mean arterial pressure is the 
more important determinant of organ perfusion than the 
systolic or diastolic pressures and supportive intervention 
should be considered if the mean arterial pressures fall 
below 60," particularly if there are other clinical signs of 
poor perfusion such as abnormal mucous membranes, 
capillary refill time, heart rate, extremity temperature, 
pulse quality and urine output." Furthermore, while its 
simplicity and noninvasive nature are an undoubted 
advantage, the clinician should remain aware of limita- 
tions in the accuracy of indirect blood pressure measure- 
ment and therefore it is best applied as a means to identify 
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trends within an individual patient, rather than to compare 
between horses. 

In human ICUs, direct measurement of pulmonary 
artery and capillary wedge pressure is considered the most 
reliable means to document pulmonary hypertension 
and invasive measurements of cardiac output and other 
haemodynamic variables are widely used in monitoring 
and therapeutic planning. However, while technically fea- 
sible, cardiac catheterization to allow direct measurement 
of pulmonary artery pressure or facilitate cardiac output 
measurement is still rarely employed in equine patients. 
( ` PH) Nevertheless, practical means to measure cardiac 
output and other haemodynamic indices, such as lithium 
dilution, are becoming more widely available and are 
likely to be used in equine critical patients with increasing 
frequency.'*"* Monitoring of the cardiac output, stroke 
volume and systemic vascular resistance can allow the 
clinician to distinguish whether the cardiovascular status 
is compromised by reduced circulating volume, vascular 
tone, cardiac output or a combination of these and in 
doing so, select the most appropriate treatment and 
monitor the effects of vasopressors, inotropes and volume 
expansion.” 


Echocardiography 


Echocardiography is the most valuable diagnostic aid for 
assessment of cardiac structure in horses and thus is the 
technique of choice in horses presenting with cardiac 
murmurs, and it is useful in ruling in or out structural 
heart disease in horses presenting with cardiac dysrhyth- 
mias. In the ICU setting, although echocardiography has 
the potential to assess cardiac output and pulmonary 
hypertension (see Chapter 9), it is less accurate than the 
gold-standard direct methods. On the other hand, its non- 
invasive nature is particularly attractive. Due to limitations 
in their accuracy, echocardiographic measurements of 
haemodynamic indices should be used primarily to iden- 
tify trends within patients rather than taken as absolute 
measurements. Furthermore, the distributive shock that 
occurs with endotoxaemia and SIRS is principally due to 
dysregulation of systemic vascular function and accompa- 
nied by microthrombosis and possibly a direct myocardial 
depressant mechanism. Echocardiography is not a particu- 
larly useful tool for identifying these haemodynamic 
alterations when compared to measurement of cardiac 
output by thermodilution or lithium dilution, although 
horses and foals with endotoxaemia or septicaemia often 
have nonspecific echocardiographic signs of global cardiac 
dysfunction such as reduced fractional shortening, spon- 
taneous contrast and poor ventricular wall movement. 
Hypovolaemic patients can have reduced cardiac chamber 
size and in septicaemic patients mild pericardial effusions 
are fairly common.' 
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SPECIFIC FORMS OF CARDIAC 
COMPLICATIONS IN INTENSIVE 
CARE PATIENTS 


Circulatory collapse 


Circulatory collapse, or shock, can arise from reduced 
cardiac output, reduction of circulating volume, dysregula- 
tion of vasomotor tone or a combination of these factors. 
Acute heart failure is described in Chapter 19. Endotoxae- 
mia, sepsis and SIRS are classified as forms of distributive 
shock as they are characterized by widespread systemic 
vasodilation although both hypovolaemia and myocar- 
dial depression can contribute to the pathogenesis. Hypo- 
volaemia can be due to severe haemorrhage or sequestration 
of fluid into the body cavities or into the gastrointestinal 
or urogenital tracts. The main goals of therapy in circula- 
tory collapse are to restore and maintain the circulating 
volume and to attempt to increase vasomotor tone and 
cardiac output with pressor and ionotropic agents (see 
Chapter 7). Clearly, treatment aimed at addressing and 
correcting the predisposing condition is critical. Global 
myocardial depression is difficult to document in equine 
critical care patients but the techniques described above 
can be very helpful in identifying cardiac abnormalities 
that accompany circulatory collapse. 


Cardiac dysrhythmias 


In horses, dysrhythmias occurring secondary to other sys- 
temic diseases, particularly gastrointestinal disease,'*’'° are 
encountered more frequently than rhythm disturbances 
associated with primary myocardial pathology. In a group 
of 67 horses with duodenitis/proximal jejunitis, six horses 
(9%) had dysrhythmias detected by auscultation and 
conventional electrocardiography.’” The prevalence of 
dysrhythmias in the postoperative period following 
abdominal surgery is not known but is likely to be higher 
than may be appreciated on auscultation alone: in one 
survey of horses with ventricular dysrhythmias, 4 of 21 
cases had recently undergone colic surgery'® and ambula- 
tory ECGs obtained from fifty horses within 3 days of 
exploratory celiotomy demonstrated that 11 horses (22%) 
had isolated supraventricular premature depolarizations 
while 8 horses (16%) had ventricular dysrhythmias, 
including 4 (8%) with idioventricular rhythms or paro- 
xysmal monomorphic ventricular tachycardia.'’ In all but 
one of these cases the dysrhythmias were self-limiting, no 
specific treatment was required and the dysrhythmia had 
not been recognized on auscultation. Occasionally, more 
clinically significant dysrhythmias are encountered in the 
postoperative period following colic surgery, and in this 
instance clinical signs of reduced cardiac output and 


marked tachycardias may be apparent. A high index of 
suspicion is required and the clinician should consider an 
ECG assessment in all horses that have heart rates that are 
higher than might otherwise be suspected given the degree 
of pain or in horses showing weakness, pallor and other 
signs of low cardiac output. 

Causes of dysrhythmias secondary to gastrointestinal 
disease include the direct effects of endotoxin on the myo- 
cardium, autonomic imbalance resulting from gastrointes- 
tinal distension and metabolic, electrolytic or acid-base 
imbalances.” Ideally, underlying and contributory factors 
should be addressed first. The decision to institute specific 
antidysrhythmic therapy is generally based on assessment 
of whether it is likely that the dysrhythmia will destabilize 
into a life-threatening state. In general, ventricular dys- 
rhythmias are much more likely to require antidysrhy- 
thmic therapy than supraventricular dysrhythmias, and 
commonly applied guidelines suggest that antidysrhyth- 
mics should be considered where the heart rate is rapid 
(greater than 100 bpm), the dysrhythmia is polymorphic 
and R on T phenomenon is present (see Fig. 13.17). 
However, the most important thing to consider is the 
clinical status of the animal, and the decision of whether 
to utilize antidysrhythmics should be based on the pres- 
ence or absence of signs of low cardiac output. Strong 
evidence to support decisions on which specific antidys- 
rhythmic agents to use in equine patients is lacking but 
procainamide, lignocaine and quinidine gluconate are 
popular first choices in ventricular tachycardia. Magne- 
sium sulphate has been successful, and can be used alone, 
or in combination with other antidysrhythmic agents. 
Further details of these and other antidysrhythmics are 
described in more detail in Chapter 13. ( VT) 

The electrolytes that are most commonly associated 
with dysrhythmias are potassium, calcium and magne- 
sium and the role of these electrolytes in arrhythmio- 
genesis is discussed in detail in Chapter 6. Hypokalaemia, 
hypocalcaemia and hypomagnesaemia are common in 
horses with sepsis and endotoxaemia,’* thus monitoring 
and addressing electrolyte imbalances in critically ill 
horses is an important priority. 


Hypokalaemia 


Hypokalaemia is commonly found in ill animals and 
causes include endotoxaemia,'® anorexia, diarrhoea and 
starvation.” It is frequently present in horses with heat 
exhaustion along with hypochloraemia, hypocalcaemia 
and metabolic alkalosis. Hypokalaemia leads to prolonga- 
tion of the Q-T interval and both supraventricular and 
ventricular dysrhythmias can be seen in horses with 
hypokalaemia. Supraventricular tachycardia, ventricular 
tachycardia, torsades de pointes and ventricular fibrilla- 
tion can all occur with severe hypokalaemia. If severe 
hypokalaemia is present, the calculated potassium deficit 
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Figure 21.1 An ECG recorded from a 6-year-old Thoroughbred gelding with septic peritonitis and hyperkalaemia due to renal 
failure associated with aminoglycoside toxicity and endotoxaemia. The P waves are absent and the T waves are tall and 


peaked. 


should be replaced slowly intravenously at a maximum 
rate of 0.5 mEq/kg/hour while monitoring serum potas- 
sium concentrations. 


Hyperkalaemia 


Hyperkalaemia is uncommon in horses except in foals 
with uroperitoneum. Hyperkalaemia is occasionally 
detected in adult horses, primarily those with acute renal 
failure or in Quarter horses with hyperkalaemic periodic 
paralysis (HYPP); this condition is described in more 
detail in Chapter 20. Cardiac dysrhythmias may or may 
not be detected on auscultation in hyperkalaemia but an 
ECG should be obtained in horses or foals with a plasma 
potassium equal to or greater than 6 mEq/L. Tall peaked 
T waves are detected with plasma potassium values equal 
to or greater than 6.2 mEq/L (Fig. 21.1). Progressive 
slowing of conduction and decreased excitability occur 
with hyperkalaemia and may result in cardiac arrest or 
ventricular fibrillation. Broadening and flattening of the P 
waves, prolonged P-R intervals and bradycardia are a 
reflection of this on the ECG. Atrial arrest or atrial stand- 
still develops with progressive hyperkalaemia. Supraven- 
tricular and ventricular premature depolarizations and 
ventricular tachycardia have also been reported. Widened 
QRS complexes are further indications of severe, near 
lethal hyperkalaemia. 

In uroperitoneum, treatment for hyperkalaemia must 
be aggressive because these foals are at high risk for the 
development of cardiac dysrhythmias, particularly under 
general anaesthesia during surgical repair of the ruptured 
bladder, urachus or ureter (see Table 20.3). Sodium deficit 
should be replaced slowly at the rate of 0.5 mEq/hour with 
0.45-0.9% saline intravenously. Sodium bicarbonate 
(1 mEq/kg intravenously) will help drive potassium intra- 
cellularly. Intravenous dextrose and insulin may also help 
drive the potassium intracellularly. The addition of 5 ml 
of the foal’s blood to the fluid will help prevent the insulin 
from adhering to the fluid administration bag. If severe 
cardiac dysrhythmias are detected calcium gluconate can 
be administered slowly, over a 10-minute period, intra- 
venously to effect (see Table 20.3). Calcium gluconate 
should be discontinued if bradycardia occurs. Drainage of 
the uroperitoneum should be performed in foals with 
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uroperitoneum in conjunction with intravenous fluid 
replacement therapy. Surgical correction of the uroperito- 
neum should only be undertaken following medical sta- 
bilization of the foal. 

In horses with HYPP experiencing an acute episode, a 
blood sample should be obtained to measure serum potas- 
sium concentration, which is often in excess of 6 mEq/L. 
Calcium borogluconate, sodium bicarbonate, dextrose and 
insulin may be used as indicated above (see Table 20.3). 
If insulin is used blood glucose concentration should be 
monitored for the following 24 hours. Acute episodes in 
horses with HYPP may be prevented through careful man- 
agement of affected horses. Horses with HYPP should be 
fed diets low in potassium (timothy hay and Bermuda 
grass hay, no molasses) and kept in a regular exercise 
programme. Kaliuretic diuretics such as acetazolamide 
(2-4 mg/kg PO q.i.d.) or hydrochlorothiazide (250 mg IM 
or IV q.id.) have been effective in affected horses in 
reducing the frequency and severity of clinical signs. 


Hypomagnesaemia 


Magnesium deficiency usually occurs with hypokalaemia. 
Serious ventricular dysrhythmias are most likely in patients 
with significant hypomagnesaemia, but supraventricular 
tachycardia and AF also occur in patients with severe 
hypomagnesaemia. Prolongation of the P-R interval, 
widening of the QRS complex, ST segment depression and 
peaked T waves may all be detected on the ECG of a horse 
with hypomagnesaemia. For correction of hypomagnesae- 
mia, a dose of 4-16 mg/kg over 4 hours is generally recom- 
mended but magnesium sulphate has also be used as an 
antidsyrhythmic in horses with unstable ventricular dys- 
thythmias” at the higher dose of 2.2-4.4 mg/kg IV slowly, 
repeated at 5-minute intervals to total dose of 55 mg/kg. 


Hypocalcaemia 


Hypocalcaemic tetany, lactation tetany, transport tetany or 
eclampsia is uncommon in horses. Hypocalcaemia may 
also be seen following prolonged or strenuous exercise, 
prolonged transport, in horses with diarrhoea or canthari- 
din (blister beetle) toxicosis and in horses fed a diet 
deficient in calcium; diets concurrently deficient in mag- 
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nesium will increase this risk. In horses with lactation 
tetany, the clinical episode often occurs following peak 
lactation, approximately 60-100 days post partum. 
Ionized calcium should be measured in horses with sus- 
pected hypocalcaemia. If ionized calcium cannot be meas- 
ured in horses with hypoalbuminaemia the following 
formula is a better reflection of the horse’s calcium status: 


corrected calcium = measured calcium (mg/dL) — 
albumin (g/dL) + 3.5 
(to convert mmol/L to mg/dL multiply by 4.01) 


There are two different clinical syndromes in horses with 
hypocalcaemia. Horses with low serum total calcium 
(5-8 mg/dL; 1.25-2 mmol/L) and low serum magnesium 
present with tachycardia, synchronous diaphragmatic 
flutter, laryngospasm, loud laboured breathing, trismus, 
protrusion of the nictitans, dysphagia, goose-stepping or 
stiff hind limb gait and ataxia. Rhabdomyolysis, convul- 
sions, coma and death may ensue. Horses with even lower 
serum total calcium (<5 mg/dL; 1.25 mmol/L) and normal 
serum magnesium concentrations usually present with 
flaccid paralysis, mydriasis, stupor and recumbency. 
Ionized plasma calcium concentration influences myocar- 
dial contractility and the Q-T interval. Electrocardio- 
graphic abnormalities other than tachycardia are rarely 
seen with hypocalcaemia although supraventricular or 
ventricular premature depolarizations or ventricular tach- 
ycardia are occasionally detected. Cardiac arrest or ven- 
tricular standstill may occur. The treatment of horses with 
hypocalcaemia should include a slow, over 10-20 minutes, 
intravenous infusion of calcium gluconate (4 mg/kg) to 
effect. The horse’s ration should be analysed to ensure 
an adequate calcium:phosphorus ratio in the diet (1.3 : 
2.1) and adequate magnesium in the diet. Concurrent 
hypomagnesaemia may also require treatment. 

Mild to moderate hypocalcaemia is commonly seen in 
critically ill horses with sepsis and endotoxaemia."* 
However, supplementation of calcium in these patients is 
controversial. Low ionized calcium was a risk factor that 
increased the odds of development of ileus and of non- 
survival in a large study of horses with enterocolitis and 
severe gastrointestinal disorders while calcium supple- 
mentation increased the odds of survival.” However, 
calcium administration did not improve haemodynamics 
and survival in endotoxaemic pigs” and administration of 
calcium has been shown to exacerbate endotoxaemia and 
increase mortality in rodent models.*** Thus clear recom- 
mendations are lacking but currently in endotoxaemic 
horses, calcium is usually supplemented if the ionized 
concentration is less than 3.6 mg/dL or 0.9 mmol/L. 


Hypercalcaemia 


Hypercalcaemia is uncommon in horses but is detected in 
those with chronic renal failure, lymphosarcoma, para- 
neoplastic syndromes, hypervitaminosis D and the inges- 


Figure 21.2 Calcification of the endocardium in a 
7-year-old Thoroughbred gelding with hypercalcaemia of 
malignancy and splenic lymphoma. 


tion of Cestrum diurnum. Hypercalcaemia results in soft 
tissue mineralization and mineralization of the heart and 
blood vessels especially the aorta, pulmonary artery, coro- 
nary arteries and endocardium (Fig. 21.2). With hypercal- 
caemia the heart rate initially slows and sinus arrhythmia 
and partial AV block are detected. Premature depolariza- 
tions are a common finding in horses with hypercalcaemia 
and supraventricular or ventricular tachycardia may be 
present. Terminally cardiac arrest, ventricular fibrillation 
or ventricular standstill occurs. 

Emergency treatment is indicated in horses with hyper- 
calcaemia in the 15-20 mg/dL or 3.75-5 mmol/L range, 
particularly if cardiac dysrhythmia is present. The extracel- 
lular fluid volume should be expanded with 0.9% saline 
intravenously, also increasing the glomerular filtration 
rate. Potassium supplementation of the intravenous fluids 
should be administered if indicated. A calciuretic diuretic 
such as frusemide should be administered at 2-4 mg/kg 
every 12 hours with intravenous fluids at 5 mL/kg/hour. 
Corticosteroids may reduce calcium concentrations and 
decrease the likelihood of soft tissue and cardiac miner- 
alization by decreasing calcium loss from bone, decreas- 
ing intestinal calcium absorption and increasing renal 
excretion of calcium. Steroid-responsive hypercalcaemias 
include lymphoma, lymphosarcoma, leukaemia, multiple 
myeloma, thymoma, vitamin D toxicity, granulomatous 
disease and _ hyperadrenocorticism. Treatment with 
salmon calcitonin may be indicated if severe prolonged 
hypercalcaemia is present. The underlying cause of the 
hypercalcaemia should be determined and removed or 
treated, if possible. All exogenous supplements containing 
calcium, phosphorus and vitamin D should be discon- 
tinued and horses removed from Cestrum diurnum- 
infected pasture. 
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Haemothorax, haemopericardium 
and haemoperitoneum 


(VT) 


Haemoperitoneum can be idiopathic or arise secondary to 
trauma, neoplasia, mesenteric injury, systemic amyloido- 
sis and disseminated intravascular coagulopathy (DIC) 
and, in periparturient broodmares, it can follow injury to 
the uterus or rupture of the uterine artery.” °" Affected 
horses present with signs of abdominal discomfort and 
shock if the haemorrhage is severe. Because splenic con- 
traction can temporarily support the packed cell volume 
with recent haemorrhage, it is not necessarily a very accu- 
rate guide to the degree of acute haemorrhage and the 
heart rate probably serves as a better guide to the severity 
of haemorrhagic shock: if the heart rate is greater than 
80 bpm, emergency blood transfusion should be consid- 
ered and if this is not available, the administration of 
hypertonic saline and colloids such as hetastarch are indi- 
cated. Horses with haemoperitoneum frequently develop 
ventricular and supraventricular dysrhythmias® so that 
continuous ECG monitoring of these patients is prudent. 
The prognosis varies with the underlying cause. Most 
horses with idiopathic haemoperitoneum respond suc- 
cessfully to supportive management. Horses with underly- 
ing neoplasia generally have a poor prognosis, except in 
the case of ovarian granulosa cell tumor where the tumor 
can be removed successfully.” Broodmares with rupture 
of the uterine artery are usually managed medically and 
the prognosis for survival is good with reasonable future 
fertility: 84% and 49%, respectively, in a recent large case 
series.” If they can be identified at surgery, uterine tears 
should be repaired but in addition to haemorrhage these 
mares also usually have septic peritonitis and require 
extremely intensive care if they are to survive. 

Haemothorax and haemopericardium can also arise as 
a result of neoplasia and trauma, including iatrogenically 
during lung biopsy and bone marrow aspiration.*”** Tho- 
racic trauma occurs commonly during parturition.’ 
Ultrasonography is more sensitive than radiography in 
demonstrating rib fractures in newborn foals.*° In the 
majority of cases the ribs are not displaced, the foal dis- 
plays only relatively mild discomfort and the nondis- 
placed ribs will repair with time without surgical interven- 
tion. If multiple ribs are involved and the fragments are 
displaced, there is a significant risk of trauma to the under- 
lying structures, particularly the heart. Haemothorax does 
not necessarily require drainage for successful resolution” 
but in foals with unstable rib fractures, surgical stabiliza- 
tion is necessary to prevent fatal cardiac injury and/or 
severe intrathoracic haemorrage.*”** Similarly haemoperi- 
cardium does not necessarily require drainage and may 
resolve with conservative management. Pericardial drain- 
age should only be considered if cardiac tamponade is 
present (see Chapter 17). 
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Thrombophlebitis 
(AF) 


Thrombophlebitis is defined as vein thrombosis with 
mural inflammation and is a common complication of 
intravenous catheterization.” The prevalence of jugular 
thrombosis in horses being treated for a variety of gas- 
trointestinal diseases has ranged from 6% to 22%,'740"! 
There are numerous proven and putative positive risk 
factors for thrombophlebitis including use of home- 
produced fluid solutions, fever, colic, diarrhoea, irritant 
drugs, rapid infusion rate and prolonged intravenous 
treatment.*”*?? Both catheter material and design contrib- 
ute: flexible, polyurethane over-the-wire catheters have 
less risk than the more rigid polyurethane over-the-needle 
catheters while Teflon or polytetrafluoroethylene catheters 
are likely to carry the greatest risk. Jugular throm- 
bophlebitis can be septic or nonseptic. Micro-organisms 
most commonly isolated from the tips of intravenous 
catheters are coagulase-negative Staphylococcus species, 
Corynebacterium species, Enterobacter species and Strepto- 
coccus species.** 

Swelling or palpable thickening of the jugular vein with 
variable degrees of perivenous swelling is characteristic of 
thrombophlebitis. Heat, pain and discharge from the site 
of venepuncture suggest sepsis. Acute onset, severe throm- 
bophlebitis can cause obstruction to venous drainage of 
the head and there may be swelling in the supraorbital 
area, muzzle and cheek on the affected side. Bilateral 
thrombosis can be associated with swelling of the tongue 
and airway obstruction. Chronic thrombophlebitis can 
lead to distension of the veins of the face and discharging 
abscesses. Diagnostic ultrasonography is useful to charac- 
terize the nature and extent of thrombophlebitis. Nonsep- 
tic thrombi are usually uniformly echogenic and fairly 
small (Fig. 21.3). Septic thrombophlebitis is heterogen- 
eous with numerous anechoic areas representing areas of 
fluid accumulation or necrosis and hyperechoic areas with 
reverberation artifacts representing gas formation (Fig. 
21.4). The patency of the vein should be assessed (see Figs. 
21.3 and 21.4). Leukocytosis, neutrophilia and hyper- 
fibrinogenaemia are common but nonspecific findings in 
septic thrombophlebitis. If DIC is suspected, platelet 
count, prothrombin time, activated partial thrombo- 
plastin time, fibrinolytic degradation products and anti- 
thrombin III should be measured, with abnormalities of 
four out of five of these being indicative of DIC. The tips 
of catheters removed from the affected vein should be 
sterilely inserted into thioglycollate broth for bacterial 
culture. Blood cultures, swabs discharging tracts at the 
catheter insertion site and aspirates of fluid pockets 
obtained in a sterile manner can be submitted for bacterial 
culture and antimicrobial sensitivity testing. 

Intravenous catheters should be removed promptly 
and, if possible, further intravenous therapy should be 
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Figure 21.3 An ultrasonogram of a small, nonseptic jugular 
thrombus (between arrows) that has uniform echogenicity 
and is partially obstructing the vessel from a 3-year-old 
Thoroughbred colt that has recently had an intravenous 
catheter removed. 


avoided if there are signs of thrombophlebitis. However, 
if this in unavoidable, it is prudent to place a catheter at 
an alternative site such as the lateral thoracic or cephalic 
rather than the opposite jugular vein. Bilateral jugular 
thrombophlebitis leads to problems with venous drainage 
of the head and upper respiratory tract obstruction may 
ensue. Penicillin with an aminoglycoside, enrofloxacin, 
cephalosporins and trimethoprim sulphonamides are 
appropriate choices prior to availability of results of anti- 
microbial sensitivity. The presence of gas echoes may indi- 
cate anaerobic infection and the inclusion of metrinidazole 
should be considered. Generally, parenteral administra- 
tion is preferred in the acute stages but some cases of 
chronic septic thrombophlebitis may require several 
weeks of antimicrobial therapy and therefore oral admin- 
istration of enrofloxacin, with or without metronidazole, 
or a combination of trimethoprim-sulphonamide and 
rifampin may be more practical. Horses with head swell- 
ing should be tied with the head up, ideally with the 
option of resting on straw bales or some other suitable 
support. Oral aspirin (18 mg/kg PO every other day) and 
topical treatments such as hot-packing may be helpful. 


Figure 21.4 An ultrasonogram of a septic jugular thrombus 
that is completely occluding the vessel and is heterogeneous, 
with hyperechoic areas (arrow) and reverberation artifacts 
typical of gas formation from a 5-month-old Thoroughbred 
filly that has recently received intravenous fluids and drugs 
via an intravenous catheter. CA, carotid artery. 


Reconstructive surgery using saphenous vein grafts has 
been reported to be effective in horses with permanent 
thrombophlebitic stenosis.“ 

The majority of cases resolve uneventfully although 
jugular thrombophlebitis can occasionally prolong treat- 
ment and delay hospital discharge in gastrointestinal 
patients. Septic jugular thrombosis can be associated with 
a variety of serious complications including infective 
endocarditis, temporary or permanent damage to the 
sympathetic and/or recurrent laryngeal nerves, and upper 
airway oedema that affects the horse’s athletic perform- 
ance. In most individuals, even with complete loss of the 
jugular vein, a collateral circulation will develop to allow 
adequate drainage of the head. 

The severity of thrombophlebitis can be minimized 
with early identification and appropriate treatment of the 
coagulation disturbances associated with gastrointestinal 
disease and SIRS, careful selection, insertion and use of 
intravenous catheters, avoiding home-made intravenous 
fluid solutions, diluting irritant drugs appropriately and 
avoiding needle sticks in veins that are, or recently have 
been, catheterized. Catheters should be flushed frequently 


273 


= Cardiology of the horse 


with heparinized saline when not in continuous use and 
Teflon over-the-needle catheters should be left in place 
for no more than 72 hours while polyurethane over-the- 
needle catheters can be maintained for up to 5 days. The 
more flexible, polyurethane over-the-wire catheters can be 
left in place for considerably longer provided that no 
perivenous reaction occurs. Fluid lines should be changed 
every 24 hours in high-risk patients. It can be helpful to 
cover the catheter with bandage material in foals or horses 
that are frequently recumbent but this is not done rou- 
tinely in adult horses in many veterinary hospitals.** 


Arterial thrombosis 


Arterial thrombosis associated with sepsis is rare but 
has been documented in association with neonatal 
septiacemia affecting the aorto-iliac quadrification (saddle 
thrombus),“°*’ digital,“**” metacarpal and metatarsal 
arteries,” and in the major vessels of the metatarsal and 
metacarpal regions in older animals with enterocolitis.” 
An additional case of brachial artery thrombosis in a foal 
with an atrial septal defect has been reported and it was 
suggested that the condition may have arisen following 
embolism from an atrial thrombus.” In septicaemia and 
endotoxaemia, abnormalities of haemostatsis and/or fibri- 
nolytic pathways may lead to the condition. Thrombocy- 
topaenia and deficiencies in antithrombin III, due either 
to excessive consumption or loss via the gastrointestinal 
tract in protein-losing enteropathy, have been docu- 
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Appendix: DVD Index 


Features of interest Short name Case No 
Abdominal pain: physical examination AR 2 
Absent right atrioventricular connection: see Tricuspid atresia CCC 4 
Acute respiratory distress syndrome: cardiac catheterization PH 2 
Acute respiratory distress syndrome: clinical signs PH 2 
Acute respiratory distress syndrome: radiography PH 2 
Acute respiratory distress syndrome: ultrasonography PH 2 
Adrenaline/epinephrine: therapeutic use SBR 1 
Ambulatory ECG AF 7 
Ambulatory ECG RCT 2 
Ambulatory ECG VMD 4 
Aminodarone: therapeutic use AF 4 
Amplatzer device: therapeutic use VSD 5 
Aortic infective endocarditis: echo IE 3 
Aortic regurgitation, deceleration: echo AR 2,5 
Aortic regurgitation, mild/moderate: echo AR 4 
Aortic regurgitation, mild/moderate: echo VSD 2 
Aortic regurgitation, murmur: auscultation AF 2 
Aortic regurgitation, murmur: auscultation AR 4 
Aortic regurgitation, murmur: auscultation AR 5 
Aortic regurgitation, murmur: auscultation IE 3 
Aortic regurgitation, murmur: auscultation RSD 1 
Aortic regurgitation, physiological: echo AF 1 
Aortic regurgitation, physiological: echo AF 3 
Aortic regurgitation, physiological: echo AF 7 
Aortic regurgitation, physiological: echo AR 1 
Aortic regurgitation, physiological: echo ET 1 
Aortic regurgitation, physiological: echo SFP 1 
Aortic regurgitation, severe: echo AR 3 
Aortic regurgitation, severe: echo VMD 3 
Aortic regurgitation: blood pressure AR 1 
Aortic root dilation: echo AR 3 
Aortic root, flattening in low output states: echo AF 2 
Aortic root, flattening in low output states: echo PC 1 
Aortic root, flattening in low output states: echo VT 2 
Aortic valve prolapse: echo ACF 2 
Aortic valve prolapse: echo AF 7 
Aortic valve prolapse: echo AR 1, 3, 
Aortic valve thickening AR 2,3,4,5 
Aortic valve thickening CN 1 
Aortic valve thickening IE 3 
Aortic valvulitis: pathology VMD 3 
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Features of interest 

Aortitis: pathology 

Aortocardiac aneurysm: echo 
Aortocardiac aneurysm: pathology 
Aortocardiac fistula: echo 
Aortocardiac fistula: murmur 
Aortocardiac fistula: pathology 


Arterial pulses, bounding with aortic regurgitation 


Ascities: ultrasonography 
Ascities: ultrasonography 
Atrial fibrillation: auscultation 
Atrial fibrillation: auscultation 
Atrial fibrillation: auscultation 
Atrial fibrillation: ECG 

Atrial fibrillation: ECG 

Atrial fibrillation: ECG 

Atrial fibrillation: treatment 
Atrial fibrillation: treatment 
Atrial septal defect: echo 


Atrioventricular block, second degree, post-exercise: echo 


Atrioventricular block, second degree: 
Atrioventricular block, second degree: 
Atrioventricular block, second degree: 
Atrioventricular block, second degree: 
Atrioventricular block, second degree: 
Atrioventricular block, second degree: 
Atrioventricular block, second degree: 
Atrioventricular block, second degree: 


Atrioventricular canal defect: see Endocardial cushion defect 
Atrioventricular septal defect: see Endocardial cushion defect 


auscultation 
auscultation 
ECG 
ECG 
ECG 
ECG 
ECG 
echo 


Bone marrow aspiration: cardiac complications 


Cardiac anatomy 


Cardiac tamponade: echocardiography 
Cardiac tamponade: echocardiography 


Cardiac troponin I 

Cardiac troponin I 

Cardiac troponin I 

Cardiomegaly: radiography 
Cardiomegaly: radiography 
Cardiomegaly: radiography 
Cardiomegaly: radiography 
Chronicity of valvular disease: echo 
Chronicity of valvular disease: echo 
Chronicity of valvular disease: echo 
Collapse, investigation of 

Collapse, investigation of 

Congestive heart failure: clinical signs 
Congestive heart failure: clinical signs 
Congestive heart failure: clinical signs 
Contrast echocardiography 

Contrast echocardiography 

Contrast echocardiography 
Dexamethasone: therapeutic use 
Dexamethasone: therapeutic use 
Dexamethasone: therapeutic use 


278 


Short name 
VMD 
ACF 


ts 
Y 
A 


W” N 


4 
, Case series 


ie 
Y 
> 
gi 
a 


we 
A 


S 


BWW RRP rR RP ORR RRP UUN EN DKF BRP DA DAKFPNHKR RR UYU 
N 


Z 
> 


, case series 


S 


N 


w 


Ww Ae 


, case series 


NOrRNHONNHBPNHNRFPRPNHNHRFPUWBNH ANNEN BS 


Features of interest 

Dexamethasone: therapeutic use 
Digoxin: therapeutic use 

Digoxin: therapeutic use 

Digoxin: therapeutic use 

Dilated cardiomyopathy: echo 

Doppler echocardiography aliasing: echo 
Doppler echocardiography aliasing: echo 
Doppler echocardiography aliasing: echo 
Double-apex sign: echo 

Ductus arteriosus, patent: auscultation 
Echocardiography: standard imaging planes 


Electrocardioversion, treatment of atrial fibrillation: 


transvenous technique 
Enalapril: therapeutic use 
Enalapril: therapeutic use 
Enalapril: therapeutic use 
Endocardial cushion defect: echo 
Endocardial cushion defect: pathology 


Exercise-induced pulmonary haemorrhage: endoscopy 
Exercise-induced pulmonary haemorrhage: endoscopy 


Exercising electrocardiography 
Exercising electrocardiography 
Exercising electrocardiography 
Exercising electrocardiography 

Flail cusp: echo 

Foramen ovale: echo 

Foramen ovale: echo 
Furosemide/frusemide: therapeutic use 
Furosemide/frusemide: therapeutic use 
Haemangiosarcoma: echo 
Haemangiosarcoma: pathology 
Haemopericardium: echo 
Haemoperitoneum: ultrasonography 
Haemothorax: computed tomography 
Haemothorax: ultrasonography 
Harmonics: echo 

Hepatic congestion: ultrasonography 
Hepatic congestion: ultrasonography 
Hyoplastic aorta: echo 

Hyoplastic aorta: pathology 

Interstitial pneumonia: pathology 
Interstitial pneumonia: ultrasonography 
Interstitial pneumonia: radiography 
Intracardiac echocardiography 

Jugular thrombosis, septic: clinical signs 
Jugular thrombosis, septic: ultrasonography 
Left atrial enlargement, mild: echo 
Left atrial enlargement, mild: echo 
Left atrial enlargement, mild: echo 
Left atrial enlargement, mild: echo 
Left atrial enlargement, severe: echo 
Left atrial enlargement, severe: echo 
Left atrial enlargement, severe: echo 
Left heart failure: clinical signs 
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Features of interest 

Left heart failure: clinical signs 

Left ventricle, hyperkinesis 

Left ventricle, hyperkinesis 

Left ventricular dyskinesis: echo 

Left ventricular ejection time, low output states: 
Left ventricular ejection time, low output states: 
Left ventricular ejection time, low output states: 
Left ventricular ejection time, low output states: 
Left ventricular ejection time, low output states: 
Left ventricular failure: echo 

Left ventricular failure: echo 

Left ventricular hyperkinesis: echo 

Left ventricular hyperkinesis: echo 

Left ventricular volume overload: echo 

Left ventricular volume overload: echo 

Left ventricular volume overload: echo 

Left ventricular volume overload: echo 

Left ventricular volume overload: echo 

Left ventricular volume overload: echo 
Lignocaine/lidocaine: therapeutic use 
Lignocaine/lidocaine: therapeutic use 
Lymphocoma: echo 

Lymphoma: cytology 

Lymphoma: pathology 

Magnesium sulphate, therapeutic use 
Magnesium sulphate, therapeutic use 
Magnesium sulphate, therapeutic use 

Mare reproductive loss syndrome 

Membranous VSD, determining prognosis: echo 
Membranous VSD: echo 

Mesenteric vessel congestion: ultrasonography 
Mitral infective endocarditis: echo 

Mitral infective endocarditis: echo 

Mitral infective endocarditis: pathology 


echo 
echo 
echo 
echo 
echo 


Mitral regurgitation, lesion-orientated images: echo 


Mitral regurgitation, mild/moderate: echo 
Mitral regurgitation, mild/moderate: echo 
Mitral regurgitation, mild/moderate: echo 
Mitral regurgitation, mild/moderate: echo 
Mitral regurgitation, mild/moderate: echo 
Mitral regurgitation, mild/moderate: echo 
Mitral regurgitation, murmur: auscultation 
Mitral regurgitation, murmur: auscultation 
Mitral regurgitation, murmur: auscultation 
Mitral regurgitation, murmur: auscultation 
Mitral regurgitation, murmur: auscultation 
Mitral regurgitation, murmur: auscultation 
Mitral regurgitation, murmur: auscultation 
Mitral regurgitation, physiological: echo 
Mitral regurgitation, physiological: echo 
Mitral regurgitation, physiological: echo 
Mitral regurgitation, physiological: echo 
Mitral regurgitation, severe: echo 

Mitral regurgitation, severe: echo 
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Features of interest Short name Case No 
Mitral regurgitation, severe: echo IE 1,3 
Mitral regurgitation, severe: echo RCT 1, 2,4 
Mitral regurgitation, severe: echo VMD 1, 2, 3,6 
Mitral valve dysplasia: echo VMD 1 
Mitral valve prolapse: auscultation SFP 2 
Mitral valve prolapse: echo SFP 2,5 
Mitral valve thickening: echo CN 1 
Mitral valve thickening: echo IE 1,2 
Mitral valve thickening: echo RCT 3,4 
Mitral valve thickening: echo SFP 3 
Mitral valve thickening: echo VMD 3,4 
Mitral valve, diastolic vibrations in aortic regurgitation AR 2,4 
Mitral valve, diastolic vibrations in aortic regurgitation VMD 3 
Mitral valve, ruptured chorda tendinea: echo RCT 1, 2, 3,4 
Mitral valvulitis: pathology VMD 3 
Murmur, band-shaped: auscultation AF 2,4 
Murmur, band-shaped: auscultation AR 4 
Murmur, band-shaped: auscultation IE 1, 2,3 
Murmur, band-shaped: auscultation RCT 1 
Murmur, band-shaped: auscultation SFP 1,3 
Murmur, band-shaped: auscultation VMD 4,5, 6 
Murmur, band-shaped: auscultation VSD 1, 2,3 
Murmur, continuous: auscultation ACF 1 
Murmur, continuous: auscultation EA 6 
Murmur, crescendo: auscultation SFP 4 
Murmur, crescendo-decrescendo: ascultation AF 1 
Murmur, crescendo-decrescendo: ascultation EA 3,4 
Murmur, crescendo-decrescendo: auscultation AF 1,4,5 
Murmur, crescendo-decrescendo: auscultation SFP 2,5 
Murmur, crescendo-decrescendo: auscultation VSD 1, 2,3 
Murmur, decrescendo: auscultation AR 2,4,5 
Murmur, decrescendo: auscultation IE 3 
Murmur, diastole, early: auscultation EA 5 
Murmur, diastole, early: auscultation RSD 1 
Murmur, diastolic, early: auscultation AF 2 
Murmur, diastolic, holo-: auscultation AR 2 
Murmur, diastolic, holo-: auscultation AR 25 
Murmur, diastolic, pan-: auscultation AR 4 
Murmur, diastolic, pan-: auscultation IE 3 
Murmur, diastolic, pan-: phonocardiograph IE 3 
Murmur, musical: auscultation AR 2,4,5 
Murmur, physiological flow: auscultation EA 3,4, 5,6 
Murmur, physiological flow: auscultation SFP 1 
Murmur, PMI aortic valve: auscultation AR 2 
Murmur, PMI aortic valve: auscultation AR 4 
Murmur, PMI aortic valve: auscultation AR 5 
Murmur, PMI aortic valve: auscultation EA 1, 3, 4, 6 
Murmur, PMI aortic valve: auscultation RSD 1 
Murmur, PMI aortic valve: auscultation SFP 1 
Murmur, PMI left heart base: auscultation AR 1 
Murmur, PMI left heart base: auscultation SFP 2 
Murmur, PMI mitral valve: auscultation AF 2,4 
Murmur, PMI mitral valve: auscultation EA 2,5 
Murmur, PMI mitral valve: auscultation IE 1,2 
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Features of interest 

Murmur, PMI mitral valve: auscultation 
Murmur, PMI mitral valve: auscultation 
Murmur, PMI mitral valve: auscultation 
Murmur, PMI mitral valve: auscultation 
Murmur, PMI right sternal border 


Murmur, PMI right sternal border: auscultation 


Murmur, PMI tricuspid valve: auscultation 
Murmur, PMI tricuspid valve: auscultation 
Murmur, PMI tricuspid valve: auscultation 
Murmur, PMI tricuspid valve: auscultation 
Murmur, PMI, pulmonic valve: auscultation 
Murmur, squeaky 

Murmur, systolic, early-mid: auscultation 
Murmur, systolic, early-mid: auscultation 
Murmur, systolic, early-mid: auscultation 
Murmur, systolic, holo-: auscultation 
Murmur, systolic, holo-: auscultation 
Murmur, systolic, holo-: auscultation 
Murmur, systolic, holo-: auscultation 
Murmur, systolic, holo-: auscultation 
Murmur, systolic, late: auscultation 
Murmur, systolic, late: phonocardiograph 
Murmur, systolic, mid: auscultation 
Murmur, systolic, pan-: phonocardiograph 
Murmur, systolic, pan-: auscultation 
Murmur, systolic, holo-: auscultation 
Murmur, systolic, holo-: auscultation 
Muscular VSD: echo 

Muscular VSD: pathology 

Myocardial degeneration: pathology 
Myocardial lesions, focal/echogenic: echo 
Myocardial lesions, focal/echogenic: echo 
Nerium oleander poisoning 

Nitroglyceride: therapeutic use 
Non-invasive blood pressure measurement 
Non-invasive blood pressure measurement 
Outlet VSD: echo 

Over-riding aorta: echo 

Over-riding aorta: echo 

Oxygen, therapeutic use 

Paradoxical septal motion: echo 

Patent ductus arteriosus: auscultation 
Pericardectomy 

Pericardial effusion, mild: echo 
Pericardial effusion, mild: echo 
Pericardial effusion, mild: echo 
Pericardial effusion, mild: echo 
Pericardial effusion, mild: echo 
Pericardial effusion, severe: echo 
Pericardiocentesis: technique 

Pericarditis, constrictive: echo 

Pericarditis, fibrino-effusive: echo 
Pericarditis: clinical signs 

Pleural effusion: ultrasonography 
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Features of interest 

Pleural effusion: ultrasonography 

Pleural effusion: ultrasonography 
Prednisolone, therapeutic use 

Pressure gradients: estimation from CW echo 
Pressure gradients: estimation from CW echo 
Pressure gradients: estimation from CW echo 
Pressure gradients: estimation from CW echo 
Propafenone: therapeutic use 

Propanolol, therapeutic use 

Proximal flow convergence: echo 

Proximal flow convergence: echo 

Proximal flow convergence: echo 

Pulmonary hypertension: echo 

Pulmonary hypertension: echo 

Pulmonary hypertension: echo 

Pulmonary hypertension: echo 

Pulmonary hypertension: echo 

Pulmonary hypertension: echo 

Pulmonary oedema: radiography 

Pulmonary oedema: radiography 

Pulmonary oedema: radiography 

Pulmonic regurgitation, physiological: echo 
Pulmonic regurgitation, physiological: echo 
Pulmonic stenosis: echo 

Quinidine gluconate: therapeutic use 
Quinidine gluconate: therapeutic use 
Quinidine sulphate: therapeutic use 
Recumbent sleep deprivation: clinical signs 
Recurrent airway obstruction: clinical signs 
Recurrent airway obstruction: cytology 


Recurrent airway obstruction: endoscopic findings 


Recurrent airway obstruction: radiography 
Recurrent largyngeal neuropathy: endoscopy 
Renal failure: laboratory findings 
Renal failure: laboratory findings 

Rib fractures: computed tomography 
Rib fractures: radiography 

Rib fractures: ultrasonography 

Right atrial appendage: echo 

Right heart failure: clinical signs 

Right heart failure: clinical signs 

Right heat failure: clinical signs 

Right ventricular dilation: echo 

Right ventricular dilation: echo 

Right ventricular dilation: echo 

Right ventricular dilation: echo 

Right ventricular dilation: echo 

Right ventricular wall thickening: echo 
Right ventricular wall thickening: echo 
Right ventricular wall thickening: echo 
R-on-T phenomenon: ECG 

R-on-T phenomenon: ECG 

Ruptured chorda tendinea: echo 
Ruptured chorda tendinea: pathology 
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Features of interest 

S3, atrial fibrillation: auscultation 

S3, left ventricular volume overload: auscultation 

S3, left ventricular volume overload: auscultation 

S3: auscultation 

S4, second-degree atrioventricular block: auscultation 
S4, second-degree atrioventricular block: auscultation 
S4: auscultation 

S4: auscultation 

S4: auscultation 

S4: auscultation 

Seizures: clinical signs 


Septal-mitral E point separation, left ventricular volume overload: echo 


Sildenafil: therapeutic use 

Sinus arrhythmia: ECG 

Sinus arrhythmia: ECG 

Sinus bradyarrhythmia: ECG 

Spontaneous contrast: echo 

Spontaneous contrast: echo 

Spontaneous contrast: echo 

Supraventricular premature depolarizations: ECG 

Supraventricular premature depolarizations: ECG 

Supraventricular premature depolarizations: ECG 

Supraventricular premature depolarizations: echo 

Supraventricular tachycardia, quinidine-induced, treatment with 
digoxin: ECG 

Tetralogy of Fallot: echo 

Transcutaneous pacing: ECG 

Transcutaneous pacing: technique 

Tricuspid atresia: echo 

Tricuspid atresia: pathology 

Tricuspid infective endocarditis: echo 

Tricuspid regurgitation, mild/moderate: echo 

Tricuspid regurgitation, mild/moderate: echo 

Tricuspid regurgitation, mild/moderate: echo 

Tricuspid regurgitation, murmur: auscultation 

Tricuspid regurgitation, murmur: auscultation 

Tricuspid regurgitation, murmur: auscultation 

Tricuspid regurgitation, murmur: auscultation 

Tricuspid regurgitation, physiological: echo 

Tricuspid regurgitation, physiological: echo 

Tricuspid regurgitation, physiological: echo 

Tricuspid regurgitation, severe: echo 

Tricuspid regurgitation, severe: echo 

Tricuspid regurgitation, severe: echo 

Tricuspid valve prolapse: echo 

Tricuspid valve prolapse: echo 

Tricuspid valve thickeng: echo 

Tricuspid valve thickeng: echo 

Tricuspid valve thickeng: echo 

Truncal regurgitation: echo 

Truncus arteriosus: unequal partitioning: pathology 

Truncus arteriosus, murmurs: auscultation 

Truncus arteriosus, persistent: echo 

Truncus arteriosus, persistent: pathology 
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Features of interest 

Univentricular connection: echo 

Valvular degeneration: echo 

Valvular degeneration: echo 

Valvular degeneration: echo 

Valvular degeneration: pathology 

Valvular degeneration: pathology 

Valvular degeneration: pathology 

Valvular regurgitation, monitoring progression: echo 
Valvular regurgitation, monitoring progression: echo 
Valvular regurgitation, monitoring progression: echo 
Valvulitis, non-septic: echo 

Valvulitis, non-septic: pathology 

Variance maps: echo 

Ventricular dysfunction, focal hyokinesis: echo 
Ventricular dysfunction, focal hyokinesis: echo 
Ventricular dysfunction, global hyokinesis: echo 
Ventricular premature depolarizations, exercise-induced: ECG 
Ventricular premature depolarizations, exercise-induced: ECG 
Ventricular premature depolarizations, exercise-induced: ECG 
Ventricular premature depolarizations: ECG 
Ventricular premature depolarizations: ECG 
Ventricular premature depolarizations: ECG 
Ventricular premature depolarizations: ECG 
Ventricular premature depolarizations: ECG 
Ventricular remodelling: echo 

Ventricular remodelling: echo 

Ventricular septal defect: murmurs 

Ventricular septal defect: echo 

Ventricular tachycardia, monomorphic: ECG 
Ventricular tachycardia, monomorphic: ECG 
Ventricular tachycardia, monomorphic: ECG 
Ventricular tachycardia, polymorphic: ECG 
Ventricular tachycardia, polymorphic: ECG 
Ventricular tachycardia, polymorphic: ECG 
Ventricular tachycardia, quinidine-induced: ECG 
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dP/dtmax 


ECE 


Two-dimensional echocardiography 

Angiotensin converting enzyme 

Adenosine diphosphate 

Atrial effective refractory period 

Atrial fibrillation 

Atrial fibrillation cycle length 

Aortic insufficiency 

Adenosine monophosphate 

Atrial natriuretic peptide 

Aorta 

Action potential duration 

Aortic regurgitation 

Atrial septal defect 

Adenosine triphosphate 

Atrioventricular 

Atrioventricular block 

Brain natriuretic peptide 

Beats per minute 

Confidential Enquiry into Perioperative 
Equine Fatalities 

Colour flow Doppler echocardiography 

Congestive heart failure 

Cardiac isoenzymne of creatine kinase 

Cycle length 

C-type natriuretic peptide 

Central nervous system 

Cardiac output 

Cardiopulmonary resuscitation 

Continuous rate infusion 

Capillary refill time 

Cardiac troponin 

Conduction velocity 

Cardioversion 

Continuous wave Doppler 
echocardiography 

Diastolic blood pressure 

Direct current 

Defibrillation 

Disseminated intravascular 
coagulopathy 

Maximal rate of pressure rise, a 
measure of systolic ventricular 
function 

Endothelin converting enzyme 


Electrocardiogram 

Endothelium derived nitric oxide 

Endothelium derived relaxing factors 

Ejection fraction 

Excitable gap 

Exercise-induced pulmonary 
haemorrhage 

Endothelial nitric oxide synthase 

Endothelin 

Fractional shortening 

Glycogen branching enzyme 

Guanylate cyclase 

Guanosine monophosphate 

Global positioning system 

glyceryl trinitrate 

Cardiac isoenzyme of lactate 
dehydrogenase 

Heart rate 

Maximal HR 

hyperkalemic periodic paralysis 

Intensive care unit 

Immediate recurrence of atrial 
fibrillation 

intravenous 

Isovolumic relaxation time 

Interventricular septum 

Left atrium 

Lithium dilution cardiac output 

Left ventricle 

Left ventricular free wall 

Left ventricular free wall thickness 
in diastole 

Left ventricular free wall thickness 
in sysole 

Left ventricular internal diameter 
in diastole 

Left ventricular internal diameter 
in systole 

Left ventricular outflow tract 

Minimum alveolar concentration 

Mean arterial pressure 

Monophasic action potential 

Methylenedioxymethamphetaimine, 
aka Ecstasy 
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MI Mitral insufficiency 

MODS Multiple organ dysfunction syndrome 

MR Mitral regurgitation 

mV Milivolt 

NAPA N-acetyl procainamide 

NEP Neutral endopeptidase 

NO Nitric oxide 

NPR Natriuretic peptide receptor 

NPY Neuropeptide Y 

NSR Normal sinus rhythm 

NTS Nucleus tractus solitarius 

OP Ratio of oxygen uptake to heart rate 

PA Pumonary artery 

PAF Paroxysmal atrial fibrillation 

PCT Precordial thrill 

PDA Patent ductus arteriosus 

PL Path length 

PMI Point of maximal intensity 

po Per os 

PP Pulse pressure, the difference between 
systolic and diastolic blood pressure 

PR Pulmonic regurgitation 

PWD Pulsed wave Doppler echocardiography 

Q02 Rate of oxygen transport 

rP Correlation coefficient 

RA Right atrium 

RAAS Renin-angiotensin-aldosterone system 

RMSSD Root mean square of successive 
intervals 

RNA Ribonucleic acid 

RP Refractory period 

RV Right ventricle 

S1 First heart sound 

S2 Second heart sound 

s3 Third heart sound 

S4 Fourth (atrial) heart sound 
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SA 
SBP 
sd 
SDNN 
SIRS 


sNN100 
sNN50 


SNRT 
SVDP 


Sinoatrial 

Systolic blood pressure 

standard deviation 

Standard deviation of normal intervals 

Systemic inflammatory response 
syndrome 

Number of intervals greater than 
100 ms 

Number of intervals greater than 50 ms 

sinus node recovery time 

Supraventricular premature 
depolarization 

Tissue Doppler imaging 

Triangular index 

Tricuspid insufficiency 

Total intravenous anaesthesia 

Transoesophageal 

Tricuspid regurgitation 

Transvenous electrical cardioversion 

Tissue velocity imaging 

Velocity which results in heart rate 140 

Velocity which results in heart rate 
of 200 

Velocity of circumferential fibre 
shortening 

Ventricular effective refractory period 

Velocity at maximal heart rate 

Maximum oxygen uptake (note the 
“2max” should be sub-script to 
the O) 

Ventricular premature depolarization 

Ventricular septal defect 

Ventricular tachycardia 

Velocity time intergral 

Vasovagal tonus index 

Wave length 


absolute refractory period 59-60 
acepromazine 248 
in anaesthesia 248-249 
effects on echocardiography 108 
in heart failure 243 


and hypotension 252t 
in HYPP 255 
myoprotective 248 
acetazolamide 75 
acetylcholine 21 
action potentials 59, 59f 
absolute refractory period 59-60 
depolarization 59, 59f 
detection 57 
diastolic 60 
duration 57 
refractory period 59-60 
relative refractory period 59-60 
repolarization 59-60 
resting phase (diastolic 
depolarization) 60 
threshold potential 59 
activated charcoal 242 
adrenaline (epinephrine) 23t, 252t, 
257 
as biomarker 148 
indications/doses 79t 
afterload 9-10 
measurement 10 
mismatch 14 
aldosterone 22-23 
as biomarker 148 
in CVS control 23t 
as heart failure biomarker 23 
see also renin-angiotensin- 
aldosterone system 
aldosterone escape 24 
aldosterone inhibitors 24t 
alpha-adrenoceptors 21-22, 22t 
alpha-adrenoceptor agonists 20, 248 
alpha-adrenoceptor antagonists 21 
ambulatory ECG 123-133, 137 
in collapse/syncope 230 
continuous (Holter) 123, 124f 


electrodes 
chest lead system 124 
placement 124 
equipment 123 
exercising 126 
in heart failure 237 
introduction 123-124 
physiological arrhythmias 139t 
resting 125-126 
SVPD 124f-125f 
amiloride 75 
amiodarone 78, 83 
adverse effects 169t 
in atrial fibrillation 165 
for electrical remodelling 184 
indications/doses 79t 
ventricular tachycardia 168-169 
amrinone 77 
anaesthesia 247-260 
cardiovascular monitoring 
249-251 
arterial blood gas monitoring 
250-251 
blood pressure 250, 250f 
direct monitoring 250-251 
Doppler echocardiography 250 
electrocardiography 250, 251f 
mean arterial pulse monitoring 
250 
pulse contour analysis 
250-251 
pulse pressures 250, 250f 
complications 249, 251-255 
cardiac arrest/collapse 
256-257 
drug treatment of 252t, 257 
dysrhythmias 254 
electrolyte disturbances 
254-255 
hyperkalaemic periodic paralysis 
254-257 
hypertension 253 
hypotension 251-253 
reflex vagal responses 256 


duration and risk 247 
elective surgery 248 
induction 249 
sedation before 248 
maintenance 249 
patient positioning 256 
patient preparation 247-248 
premedication 248-249 
collapse following 248-249 
second degree AVB 254f 
preoperative evaluation 247-248 
tisk factors 247 
volatile vs intravenous agents 249 
anaesthetic-related death 247 
anaesthetic-sparing agents 249 
angiography 189 
angiotensin II 22-23 
as biomarker 148 
in CVS control 23t 
see also renin-angiotensin-— 
aldosterone system 
angiotensin-converting enzyme (ACE) 
24 
angiotensin-converting enzyme (ACE) 
inhibitors 24, 74 
adverse effects 74 
in cardiac remodelling 242-243 
drug interactions 74 
in heart failure 243 
mechanism of action 74 
angiotensin inhibitors 24, 24t 
angiotensin receptors 22t 
antiarrhythmic drugs 
class I 78-81 
class II 82-83 
class III 83 
classification 78 
indications/doses 79t 
antidiuretic hormone (vasopressin) 
in cardiac arrest/collapse 257 
in CVS control 23t 
in heart failure compensation 54 
in hypotension 253 
indications/doses 252t 
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antimicrobial therapy 
and anaesthesia 251 
and hypotension 252t 
infective endocarditis 213-214 
pericarditis 216-217 
thrombophlebitis 266-267 
aorta 
ascending 6-7 
assessment of dimensions 
102f-103f, 110t-111t, 
112 
disease-induced changes 116 
descending 6-7 
measurement 102f-103f 
aortic blood flow velocity 
and ejection murmurs 93, 93f 
M-mode colour Doppler 106f 
systole 8 
aortic insufficiency 
colour-flow Doppler 205f 
in congestive heart failure 237 
echocardiography 203 
second degree AVB 206f 
severe, in heart failure 238f 
VPD 206f 
aortic nodules 118, 118f 
aortic pressure 8 
aortic regurgitation 50, 116, 119f 
biomarkers 148 
cardiac murmurs 91, 95 
diastolic 96-97, 96f 
clinical findings 203 
clinical significance 204t 
diastolic pressures 205f 
Doppler assessment 115 
echocardiography 106f-107f, 
203 
electrocardiography 203 
in infective endocarditis 213 
and insufficiency 202-206 
pathogenesis 202-203 
predictors of progression 206 
prevalence 202 
prognosis 203-206 
pulse pressures 205f 
severe 205f 
aortic sinus/sinotubular junction 
110t-111t 
aortic stenosis 90, 92 
aortic valve 6-7 
in infective endocarditis 203, 214 
M-mode echocardiogram 103f 
prolapse 202 
thickening 118 
aorto-cardiac fistula 166-167, 
223-224, 224f, 240 
arrhythmias 
causes 69 
collapse 223f 
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and high vagal tone 64 
physiological 64 
ambulatory ECG 139t 
see also dysrhythmias 
arrhythmogenesis 64-69 
arterial blood gas monitoring 
250-251 
arterial blood pressure 19 
arterial input impedance 10 
arterial pulses 153 
arterial thrombosis 268 
arterial vasodilators 73 
ASD see atrial septal defects 
aspirin 266-267 
AT\-receptors 22t 
athletic performance 
dysrhythmias in 139 
evaluation for 135 
and mitral regurgitation 208 
role of heart 40-41 
and tricuspid regurgitation 209 
and VSD 193-194 
see also fitness 
atria 1-5 
assessment of dimensions 
103f-104f, 110t-111t, 
112-113 
echocardiographic measurement 
103f-104f 
see also left atrium; right atrium 
atrial dilatation 237-238 
atrial dysfunction 11 
atrial effective refractory period 178 
atrial fibrillation 66-68 
ambulatory electrocardiography 
125-126 
autonomic tone 7 
cardioversion 182-184 
causes 159 


and collapse 223f, 225f, 226, 227f 


with congestive heart failure 165 

ECG 68f, 160, 160f 

electrical remodelling 160-161, 

184 

and exercise 160 

in heart failure 234-235, 235f 

heart rate during exercise 36 

and heart rate variability 131 

in horses 67-68, 68f 

induced 178 

“lone” 159-160 

management 159-165 
amiodarone 165 
cardioversion, electrical 165 
factors for success 160 
flecainide 165 
quinidine 161-162, 164-165 

and mitral regurgitation 207-208 

multiple re-entry model 67 


paroxysmal 125-126 
and collapse 227f 
conversion to sinus rhythm 
160-161 
exercise-associated 137 
presentation 159-160 
re-entry in 67 
SVPD in 158-159 
atrial flutter 
re-entry in 67 
saw-toothed ECG waves 67f 
temporary pacing 177 
atrial function 11 
definition 9 
atrial natriuretic peptide (ANP) 24-25 
as biomarker 148-149 
in CVS control 23t 
in heart failure compensation 
54-55 
properties 25t 
atrial pacing 
electrode positioning 175 
non-therapeutic 178, 178f 
burst pacing 178 
atrial premature depolarizations (APD) 
223f 
atrial septal defects (ASD) 117, 188, 
194 
atrioventricular block (AVB) 
unidirectional 65 
see also complete AVB; first degree 
AV block; second degree 
AVB 
atrioventricular canal defects 196 
atrioventricular node 7-8 
depolarization 60-61 
atrioventricular pressure gradient 8-9 
atrioventricular valve regurgitation see 
valvular regurgitation 
atrioventricular valves 
left see mitral valve 
right see tricuspid valve 
in systole 8 
atropine 248, 254 
adverse effects 169t 
in anaesthesia 254 
in cardiac arrest/collapse 257 
and hypotension 252t 
indications/doses 79t, 252t 
third degree AVB 156-157 
auricle 1-5 
auscultation 87-100 
stethoscope, choice of 89 
autonomic tone and heart rate 7 
AVB see atrioventricular block 


bacteraemia 212 
bacterial endocarditis see infective 
endocarditis 


bacterial infection 
infective endocarditis 212 
pericarditis 215 
toxic shock 261-262 
baroreceptors (stretch receptors) 20 
benazepril 24t 
beta-adrenoceptors 21-22, 22t, 
147-148 
beta-adrenoceptor antagonists 24t, 
242-243 
bicuspid valve see mitral valve 
biomarkers 154-155 
cardiovascular disease 147-151 
catecholamines 147-148 
heart failure 23 
predictive value 147 
biphasic truncated exponential (BTE) 
wave 180, 181f 
blood pool imaging 105, 107f, 
113-116 
forward flow 113-114, 113f 
blood pressure 
in anaesthesia 250-251, 250f 
monitoring 
direct 250-251 
intensive care 262 
bosentan 28 
bradyarrhythmias 65 
causes 64-65 
physiological 139t 
bradydysrhythmias 155-169 
in collapse 225-226 
brain natriuretic peptide (BNP) 24-25 
as biomarker 148-149 
CVS control 23t 
heart failure compensation 54-55 
properties 25t 
bretylium 78, 83 
adverse effects 169t 
in cardiac arrest/collapse 257 
indications/doses 79t, 252t 
for quinidine toxicity 163t 
ventricular tachycardia 168-169 
brood mares, collapse in 224 
Bullet method 109 
burst pacing 178-179 
butorphanol 248 


C-natriuretic peptide (CNP) 24-25 
as biomarker 148-149 
properties 25t 

caffeine 77 

calcium borogluconate 264 

calcium channel blockers 77-78 

calcium supplementation 265 

candoxatril 25-26 

captopril 24, 24t, 74 

carbonic anhydrase inhibitors 75 

cardiac arrest 256 


cardiac catheterization 
in foals 189 
pericarditis 216 
cardiac chambers 
left ventricle chamber compliance 
10 
shape changes 117 
structure/position changes 117 
wall motion changes 117-118 
cardiac cycle 7-9, 8f 
heart sounds 9 
cardiac decompensation 36 
cardiac disease/pathology 47-51 
definition 53 
echocardiography 
changes in anatomy/function 
116-120 
severity assessment 116 
cardiac enlargement, pathological 50 
cardiac failure see heart failure 
cardiac function 
after exercise 37 
nervous control 21-22 
cardiac glycosides see glycosides 
cardiac murmurs 
aetiology 87-88 
atrial systolic 95 
clinical assessment 202 
with colic 268 
from congenital abnormalities 97 
congenital heart disease 187-199 
continuous 90, 97 
in acute haemorrhage 223-224 
in foals 189, 194 
diagnosis 87 
specific murmurs 92-98 
diastolic 90, 95 
differential diagnosis 95-98, 96f 
early 95-96, 96f 
ventricular filling 90, 91f 
ejection murmurs 90, 91f, 93f-94f 
systolic 90 
vs mitral regurgitation 92-95 
in foals 189 
frequency 90-91 
identification 89-92 
infective endocarditis 211 
intensity 92 
intensive care 262 
left-sided 94f, 95 
systolic 92 
location 89 
mitral regurgitation 206-207 
musical 90-91, 96f, 97 
physiological 135 
point of maximum intensity (PMI) 
89 
presystolic 96, 96f 
pulmonic regurgitation 209 
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radiation 89, 91-92 
regurgitant murmurs 90, 91f, 
93-94 
right-sided 94f, 95 
systolic 95 
systolic 90, 92, 95 
timing 90, 93-94 
tricuspid regurgitation 208 
valvular regurgitation 201-202 
cardiac output 
and collapse 225 
in heart failure 233-234 
measurement 109, 114 
intensive care 262 
methods 12-13 
in performance assessment 11-12 
and preload 10 
response to exercise 37-38 
cardiac pacing see pacing, cardiac 
cardiac performance 
assessment 11-15 
definition 9 
and ventricular filling 10 
cardiac rhythm, resting 39 
cardiac valves see atrioventricular 
valves; specific valves 
cardiomyopathy 240-241 
cardioneurogenic (vasovagal) syncope 
228-230 
cardiopulmonary resuscitation (CPR) 
256-257 
cardiovascular disease, biomarkers of 
147-151 
cardiovascular drift 35 
cardiovascular reserve 135-136 
cardiovascular system (CVS) 
assessment in foals 189-190 
endothelial regulation 26-28, 26t 
hormonal control 22-26 
neuronal regulation 19-22 
central nervous control 20 
vascular tone 20-21 
cardioversion, electrical 173, 
179-184 
atrial fibrillation 165, 182-184 
definition 179-180 
external 182 
internal 182-183 
catheter/electrode positioning 
182-183, 183f 
catheter/electrode repositioning 
183-184 
principle 180 
safety 184 
ventricular fibrillation 182 
see also defibrillation 
cataplexy 229 
catecholamines 147-148 
catheter care 267-268 
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chordae tendineae 5-7 
rupture 118-119, 119f 
cardiac murmurs 93-95 
and collapse 223f, 225, 225f, 
235f 
in heart failure 239 
systolic clicks 98 
chronaxie 173-174, 174f 
chronic obstructive pulmonary disease 
(COPD) 35-36 
circulation 
circulatory collapse 263 
fetal to neonatal adaptation 
188-189 
circus movement theory 66 
collapse 221-232 
causes 222-229, 222f 
bradydysrhythmias 225-226 
cardiac failure, acute 225 
cardiovascular 221-222, 223f 
circulatory 222 
dysrhythmias 225 
haemorrhage, acute 223-224 
sleep disorders 229 
supraventricular dysrhythmias 
226 
syncope 222-223 
vagal stimulation 227-229 
ventricular dysrhythmias 
226-227 
clinical investigation 229-230 
cardiac failure, acute 230 
dysrhythmias 230 
examination 229 
haemorrhage, acute 223, 
229-230 
history 229 
sleep disorders 230 
syncope, vasovagal 230 
vagal stimulation 230 
definition 221 
diagnosis 222f, 256 
problems with 221-222 
prognosis, importance of 221 
collapsing syndrome 227-229 
colour-flow Doppler 
aliasing/variance 106f 
clinical applications 
aortic insufficiency 205f 
aortic regurgitation 203 
aortic valve regurgitation 
107f 
blood pool imaging 
forward flow 113f-114f 
mitral valve, flow through 
114f 
in foals 189-191 
myocardial movement velocity 
109f 
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colour M-mode echocardiography 
106f 
timing of regurgitation 115 
complete (third degree) AVB 65, 
155-157, 156f 
and collapse 226 
ECG 156 
treatment 156-157 
computed tomography 216 
concentric hypertrophy 49-50, 55 
conduction 60-61, 61f 
disturbances 65 
and re-entry 65-67, 66f 
conductivity 58 
Confidential Enquiry into Perioperative 
Equine Fatalities (CEPFF) 
247, 256 
congenital abnormalities 
analysis protocol 117 
cardiac chambers 117 
chamber malformation 117 
in foals 190-196 
congenital heart disease 196 
cardiac murmurs 187-199 
heart failure 240 
prevalence 187 
in specific breeds 187 
congestive heart failure (CHF) 
aortic insufficiency 237 
biventricular 236 
counter-regulatory systems 54 
definition 53, 233-234 
differential diagnosis 235-236 
echocardiography 119-120, 119f 
electrocardiography 235f 
fractional shortening 237 
and heart rate variability 130-131 
management 242-244 
short/long term 242-243 
mechanisms 53, 54f 
myocardial contractility 237 
prevalence 235 
right-sided 236t 
signs, clinical 234 
and valvular dysplasia 194-195 
and ventricular tachycardia 
166-167 
constrictive pericarditis 214, 217 
continuous wave Doppler 104 
mitral valve regurgitation 105f 
shunt velocity in VSD 191 
contractility indexes 14-15 
cor pulmonale 239 
coronaty arteries 6-7 
coronary artery disease 142f 
coronary sinus 1-5 
corticosteroids 
hypercalcaemia 265 
laminitis, risk of 156-157 


pericarditis 216 
sick sinus syndrome 157 
SVPD 158-159 
third degree AVB 156-157 
VPD 166 
creatine kinase as biomarker 149 
critical care see intensive care 
CVS see cardiovascular system 


DA,-receptors 22t 
death, anaesthetic-related 247 
defibrillation 173, 179-184 
in cardiac arrest/collapse 257 
definition 179-180 
“direct heart” 180, 182 
electrical discharge 180 
electrocardiography 180f 
electrodes 180-181 
external/internal 180-181 
factors for success 180-181 
indications 182 
monophasic/biphasic shock 180, 
181f 
principle 180 
risks 181 
synchronous mode 181, 184f 
weight/size of patient 180-181 
see also cardioversion, electrical 
dehydration 
cardiac output 37-38 
heart rate 35, 36f 
recovery after exercise 37 
depolarization 59, 59f, 61 
detection 57 
diastolic 60 
effect of autonomic tone 60 
in horses 64 
detomidine 108, 248, 254f 
dexamethasone 156-157, 166 
dextrose, intravenous 264 
diastasis 8-9 
diastole 8-9 
ventricular 8 
diastolic dysfunction 11 
diastolic function indexes 15 
diazepam 248-249 
digitalis glycosides 75-76 
digitalis toxicity 69 
digoxin 20, 75-77 
adverse effects 169t 
drug interactions 81 
heart failure 242-244 
indications/doses 79t 
maintenance dose 243-244 
monitoring 77, 243-244 
for quinidine toxicity 161-162, 
163t 
in supraventricular tachycardia 
242-243 


for SVPD 158-159 

toxicity 77 
dilated cardiomyopathy 240 
dilation 49 
diltiazem 78 

indications/doses 79t 

with quinidine 80 

for quinidine toxicity 161-162, 

163t 

for SVPD 158-159 
dissecting haematoma 223-224 
diuretics 74-75 

classification 75 

heart failure 243 

hyperkalaemia 264 

mechanism of action 75 


sodium potassium chloride symport 


inhibitors 75 
dobutamine 78, 252t 
in anaesthesia 254 
in hypotension 252-253 
dopamine 78 
in anaesthesia 254 
in hypotension 252-253 
indications/doses 79t, 252t 
third degree AVB 156-157 
dopamine receptors 22t 
Doppler echocardiography 
in anaesthesia 250 
cardiac output assessment 12-13, 
114 
diastolic function assessment 15 
infective endocarditis 213 
intracardiac shunt assessment 
114-116 
physiological regurgitation 116 
pressure gradient assessment 116 
principles 102-105 
regurgitant flow assessment 
114-116 
spectral 109f, 189-190 
systolic function assessment 14, 
14t, 114 
tissue velocity imaging (TVI) 15 
ventricular diastolic function 
indexes 15t 
see also colour-flow Doppler; 


continuous wave Doppler; 


pulsed wave Doppler 
Doppler shift 102-104 
drugs 
for cardiac disease 73-85 
dysrhythmias 78-83 
myocardial failure 73 
and cardiovascular system 
central nervous control 20 
vasomotor nerve control 21 
and natriuretic peptide system 
25-26 


and renin-angiotensin-aldosterone 


system 23-24, 24t 
ductus arteriosus 
blood flow through 189f 
closure 188-189 
echocardiography 194 
patent 194 
dynamic exercise training 11 
dysautomnias 131 
dysrhythmias 
classification 64, 155-169 
collapse 225, 230 
drug treatment 78-83 
ECG diagnosis 153-154 
after exercise 141f 
exercise-induced 139-141 
in foals 189 
from gastrointestinal disease 263 
identification/assessment 
153-155 
intensive care complication 263 
physiological 135 
see also arrhythmias 


eccentric hypertrophy 49, 55 
ECG see electrocardiography 
echocardiography 101-122 
acoustic windows 101 
aortic valve 103f 
atrial dimensions 103f-104f 
cardiac function after exercise 37 
cardiac output assessment 12-13 
disease-induced changes 
116-120 
equipment 105-107 
examination 107-113 
assessment of dimensions/ 
function 108-113 
disease-induced changes 
116-120 
image planes 108 
patient preparation 108 
and exercise 141-144 
in foals 189-190 
heart failure 236 
indications 107-108 
infective endocarditis 212-213 
intensive care 262 
mitral valve 103f 
normal measurements 
normal horses/ponies 111t 
Standardbreds 111t 
Thoroughbreds 110t 
in performance prediction 41 
pericarditis 216 
principles 101-105 
and sedation 108 
spontaneous contrast 119-120 
systolic function assessment 14 
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valvular regurgitation assessment 
202 
aortic regurgitation 203 
mitral regurgitation 207 
tricuspid regurgitation 208 
ventricular inflow/outflow 
102f-103f 
see also Doppler echocardiography; 
M-mode 
echocardiography; 2D 
echocardiography 
ectopic foci 68 
effusive pericarditis 214-215 
Einthoven’s triangle 62 
ejection phase 8 
ejection pressure 10 
electrical properties of heart 7-8 
electrocardiography (ECG) 57-58, 


60-62 
in anaesthesia 250, 251f 
aortic regurgitation 203 
atrial fibrillation 68f 
atrial flutter 67f 
base-apex lead 62 
critically ill patients 154 
dysrhythmia identification 154 
bipolar leads 62 
cardiac vector 62, 62f 
complete (third degree) AVB 156 
components 7, 153-154 
duration in horse 64t 
depolarization 60 
dysrhythmia identification 
154-155 
Einthoven’s triangle 62 
exercising 35-36, 136-137 
changes during 137 
at various speeds 138f 
in heart failure 237 
heart rate and exercise 137 
in horses, interpretation of 64 
HYPP 255 
intensive care 262 
intracavitary recording 64, 68f 
ionophore toxicity 241-242 
lead/electrode placement 61-62 
dysrhythmia identification 154 
12-lead ECG 154t 
lead systems 62, 63f 
mitral regurgitation 207-208 
pericarditis 216-217 
second degree AVB 155 
advanced 155 
tricuspid regurgitation 208-209 
variations in configuration 137 
Y-lead 62 
see also ambulatory ECG; telemetric 
ECG 


electrolyte disturbances 69, 261 
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electrophysiology 57-64 
cardiac electrical field 61 
cellular physiology 58-61 
conduction process 60-61, 61f 
disturbances 65 
and re-entry 65-67, 66f 
depolarization 59-61, 59f 
detection 57 
ventricular 62-64 
enhanced impulse formation 
68-69 
abnormal automaticity 
68-69 
triggered rhythms 68-69 
impulse generation failure 64-65 
recording electrical events 
cardiac 61-64 
cellular 57-58 
repolarization 60-61 
resting phase (diastolic 
depolarization) 60 
enalapril 24, 24t, 74 
enalkiren 24t 
end-diastolic volume 10 
ventricular see preload 
endocarditis see infective endocarditis 
endogenous digitalis-like substances 
20, 23t 
endothelial nitric oxide synthase 
(eNOS) 26-27 
endothelins 27-28 
excessive production 28 
in heart failure compensation 54 
pharmacology 28 
endothelin-converting enzyme 
inhibitors 28 
endothelin receptors 28 
endothelin receptor antagonists 
242-243 
endothelium-derived nitric oxide 
(EDNO) 26, 27t, 54 
endothelium-derived relaxing factors 
(EDRF) 54 
endotoxaemia 261-262 
endotoxin 263 
enrofloxacin 266-267 
ephedrine 252-254, 252t 
epicardium (visceral pericardium) 7 
epinephrine see adrenaline 
excitability 58 
exercise 
adaptations to 135-136 
atrial fibrillation during 160 
cardiac response 33-38 
collapse during 225, 225f 
dysrhythmias during 137-141 
ECG evaluations 136-137 
echocardiography evaluations 
141-144 
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and heart rate variability 131 

physiological valvular regurgitation 
201-202 

and stress testing 135-145 


fever 211-219 
fibrino-effusive pericarditis 215 
fibrinous pericarditis 214-215 
fibrosis 
myocardial 48, 50 
valvular 50 
Fick method 12 
during exercise 144 
first degree AV block 60, 254 
fitness 
analysis 37 
and heart rate 137 
indexes 37 
see also athletic performance 
5-HT;-receptors 22t, 50 
flail leaflet 118-119, 212-213 
flecainide 79t, 82, 165, 169t 
flow/pressure data 11-13 
fluid therapy 253 
foramen ovale 188-189 
blood flow through 188f 
confusion with ASD 194 
obliteration 188-189 
fractional shortening 14 
in congestive heart failure 237 
in infective endocarditis 213 
free ventricular wall 6-7 
pathological examination 49f 
furosemide (frusemide) 243, 265 


geometric analysis of heart rate 
variability 128 
global positioning systems (GPS) 36 
glyceryl trinitrate (GIN) 27 
glycogen branching enzyme deficiency 
241 
glycopyrrolate 
anaesthesia 254 
cardiac arrest/collapse 257 
and hypotension 252t 
indications/doses 252t 
syncope 248 
third degree AVB 156-157 
glycosides 20, 75-77 
mechanism of action 76 
pharmacokinetics 76-77 
great vessels, anatomy of 1-7 
guaiphenasin-ketamine-xylazine 
(triple-drip) 249 


haemodynamic data 11-13, 12t 
haemodynamic monitoring 262 
haemopericardium 266 
haemoperitoneum 266 


haemorrhage in collapse 223-224, 
229-230 
haemothorax 266 
halothane 249, 254 
heart 
anatomy 1-7, 2f-6f 
athletic performance, role in 40-41 
blood flow 1-5 
development 187-188 
abnormalities 187-188 
septation 188 
disease-induced changes, 
identification of 116-120 
electrical properties 7-8 
innervation 60 
as parallel pump 1-5 
heart disease see cardiac disease/ 
pathology 
heart failure 233-246 
causes 236, 236t 
clinical signs 53-54 
collapse 225, 230 
compensatory mechanisms 54-55 
progression 55 
definition 53, 233 
diagnostic approach 236-237 
differential diagnosis 235-236 
drug treatment 73 
goals 73 
echocardiography 236 
forward/backward 233 
left-sided 53-54 
mechanisms 53-54 
pathophysiology 53-55 
radiography 235f 
severe 53-54 
signs, clinical 233-235 
specific forms 237-242 
aorto-cardiac fistula 240 
congenital heart disease 240 
dilated cardiomyopathy 240 
glycogen branching enzyme 
deficiency 241 
ionophore toxicity 241-242 
myocardial disease 240 
nutritional myodegeneration 
(white muscle disease) 
241 
valvular insufficiency 
cor pulmonale 239 
left-sided 237-239 
right-sided 239 
treatment/management 242-244 
digoxin 243-244 
diuretics 243 
vasodilators 243 
ventricular function 10 
ventricular function curves in 53 
see also congestive heart failure 


heart rate 


and dehydration 35, 36f, 37 
and diastasis 8-9 
in dysrhythmia identification 153 
during exercise 33-36, 34f, 137 
in atrial fibrillation 36 
in COPD 35-36 
measurement 36 
peak rates 36 
training, effects of 34 
exercise, recovery after 36-37 
and oxygen consumption 34, 35f 
after training 37 
and work 33-34 


heart rate variability 126-131 


autonomic control 127 
clinical applications 129-131 
in humans 130t 
clinical recommendations 127t 
definition 126 
determination 127 
assessment techniques 
126-127 
frequency domain (power 
spectral) analysis 
128-129, 129f, 129t 
time domain analysis 127-128, 
130t, 131 
and pain/stress 131 
as predictor 130 
and training 131 


hydralazine 74-78, 243 
hypercalcaemia 69, 265 

of malignancy 265f 
hyperkalaemia 69, 264 

treatment 255t 
hyperkalaemic periodic paralysis 

(HYPP) 254-257, 264 

hypermaganesaemia 69 
hypertrophy 49 

ventricular 55 
hypocalcaemia 

and arrhythmia 69 

clinical syndromes 264-265 

in intensive care 263-265 
hypokalaemia 

and arrhythmia 69 

ECG 264f 

in intensive care 263-264 
hypomagnesaemia 

and arrhythmia 69 

in intensive care 263-264 
hypotension 251 

causes/treatments 252t 

and fitness 251 

treatment 252-253 
hypovolaemia 

and cardiac output assessment 

114 

in intensive care 262 
hypoxaemia 254 
HYPP see hyperkalaemic periodic 
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intensive care 
ambulatory resting 
electrocardiography 126 
cardiovascular monitoring 262 
echocardiography 262 
electrocardiography 262 
haemodynamic 262 
complications 261-270 
arterial thrombosis 268 
cardiac murmurs with colic 268 
circulatory collapse 263 
dysrhythmias 263 
hypercalcaemia 265 
hyperkalaemia 264 
hypocalcaemia 263-265 
hypokalaemia 263-264, 264f 
hypomagnesaemia 263-264 
prevalence 261-262 
prevalence/risk factors 261-262 
thrombophlebitis 266-268 
interventricular septum 6-7 
assessment of dimensions 
110t-111t 
pathological examination 49f 
intra-atrial electrogram 68f 
intracardiac electrodes 57 
intracellular electrodes 57 
intramyocardial haemorrhage 49f 
intraventricular septum 47, 49f 
ionophore toxicity 
heart failure 241-242 


medicolegal implications 242 
treatment 242 
isoflurane 249, 254-255 
isoproterenol 79t, 156-157 


heart score 41 paralysis 
heart size/mass 
and athletic performance 40-41, imipramine 230 


41f inducible nitric oxide synthase (iNOS) 


prediction 40-41 
and gender 39 
pathological examination 48 
response to training 38-39, 39f 


heart sounds 


apex beat 88-89, 88f 
in dysrhythmia identification 153 
normal 9, 88-89 
pericardial friction rubs 97-98 
S1 (first) 88-89, 88f 

split 88-89 
S2 (second) 88-89, 88f 

split 89 
S3 (third) 88, 88f 
S4 (fourth) 88-89, 88f 
stethoscope, choice of 89 
systolic clicks 98 
timing 88f 
in ventricular tachycardia 167 
see also cardiac murmurs 


His/Purkinje system 7-8 


depolarization 60, 61f 


Holter monitors 123, 124f-125f, 137 
hormones in CVS control 22-26, 23t 


26-27 
inducible nitric oxide synthase 
inhibitors 27 
infective endocarditis 166-167, 203, 
211-214 
aortic regurgitation in 213 
cardiac murmurs 211 
classification 211 
and collapse 228f 
dysrhythmias 211 
echocardiography 212-213 
Doppler 213 
serial 213 


haemodynamic consequences 212 


heart failure 235f, 239 

pathogenesis/microbiology 212 

pathology, clinical 212 

prognosis 214 

signs, clinical 211-212 

treatment 213-214 

valve appearance 212-213 

valves affected 211 

vegetative lesions 211-213, 239 
insulin, intravenous 264 


ketamine 249 


lactate dehydrogenase 149 
laminitis and corticosteroids 156-157 
lasalocid 241 
lavage, pericardial 216-217 
left atrium (LA) 
anatomy 2f-3f, 5f-6f, 6-7 
assessment of dimensions 112 
left auricle 6-7 
left ventricle (LV) 5f-6f 
abnormal filling 15 
anatomy 2f-3f, 6-7 
chamber compliance 10 
pathological examination 47, 49f 
size 
and athletic performance 40 
dimension measurement 102f, 
104f, 109-110 
mass, estimate of 109 
systolic function assessment 14 
wall velocity measurement 110 
left ventricular filling pressure 11 
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left ventricular outflow tract 6-7 
ligamentum arteriosum 6-7 
lignocaine 78, 81 
adverse effects 81, 169t 
in anaesthesia 254 
as anaesthetic-sparing agent 249 
indications/doses 79t, 252t 
mechanism/pharmacokinetics 81 
for quinidine toxicity 163t 
ventricular tachycardia 168-169 
lisinopril 74 
lithium dilution method 12, 262 
during exercise 144 
loop diuretics see Na*K*2Cl symport 
inhibitors 
losartan 24, 24t 


M-mode echocardiography 101-102 
aortic regurgitation/insufficiency 
203 
cardiac dimensions/function 
108-109 
aorta 103f, 110t-111t 
atria 110t 
diastolic function 15 
fractional shortening 110t-111t 
guidelines 108-109 
interventricular septum 
110t-111t 
measurements 108-109 
mitral valve 103f 
ventricles 104f, 109, 110t-111t 
colour 106f 
timing of regurgitation 115 
disease-induced changes 119 
mitral insufficiency 207f 
magnesium sulphate 83 
indications/doses 79t, 80 
for quinidine toxicity 162, 163t 
for ventricular tachycardia 
168-169 
magnetic resonance imaging 216 
malignant melanoma 224 
mannitol 75 
mean arterial pulse (MAP) monitoring 
250-251 
mean electrical axis (MEA) 64 
medetomidine 248 
metronidazole 266-267 
microbubbles 115-116 
milrinone 77 
mineralocorticoid receptor antagonists 
24, 75, 242-243 
mitral insufficiency 238f 
in collapse 223f 
electrocardiography 207f 
in heart failure 234, 235f, 
237-238 
severe 237-238 
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mitral regurgitation 50, 116, 206-208 
and atrial fibrillation 207-208 
cardiac murmurs 91f, 92-95, 94f 
clinical findings 206-207 
clinical significance 204t 
colour-flow Doppler 106f 
diagnosis 87 
echocardiography 105f, 207 
electrocardiography 207-208 
in heart failure 237-238, 238f 
in horses 89 
pathogenesis 206 
prevalence 206 
prognosis 208 
radiation as guide to severity 

206-207 
severity 92, 95 
underestimation 207 
vs ejection murmurs 92-95 

mitral stenosis 95 

mitral valve 
anatomy 3f-4f 
assessment of dimensions 103f, 

111t 
chordae tendineae rupture 
118-119, 119f 
cardiac murmurs 93-95 
and collapse 225, 225f, 235f 
in heart failure 239 
systolic clicks 98 
diastole 8-9 
in infective endocarditis 211, 214 
M-mode echocardiogram 103f 
thickening 207 

mitral valve prolapse 207 

monensin 241-242 

monophasic action potentials (MAP) 

57, 58f 
monophasic damped sinusoidal (MDS) 
wave 180, 181f 
monophasic truncated exponential 
(MTE) wave 180, 181f 
multiple organ dysfunction syndrome 
(MODS) 261 

multiple re-entry model 67 

mural endocarditis 211 

murmurs see cardiac murmurs 

myocardial contractility 10 
in congestive heart failure 237 
and exercise 142-143 

myocardial disease/dysfunction 
exercise-induced 142-143 
heart failure 237, 238f, 240 
with mitral valve disease 207, 

207f 
primary 48-49 

myocardial failure 240t 

myocardial function 10 

myocardial inflammation 117 


myocardial relaxation 10-11 
myocarditis 48 
and collapse 223f, 228f 
SVPD in 159f 
myocardium 
anatomy 7 
assessment of dimensions 110t 
movement velocity measurement 
109f 
myocytes 58-59 


Na*CI symport inhibitors 75 
Na*K*2Cl symport inhibitors 75 
narcolepsy 230 
natriuretic peptides 23t, 24-25 
as biomarkers 148-149 
drugs influencing 25-26 
properties 25t 
see also atrial natriuretic peptide; 
brain natriuretic peptide; 
C-natriuretic peptide 
natriuretic peptide receptors 24-25 
neoplasia and collapse 224 
nerve supply of heart 60 
neuronal nitric oxide synthase (nNOS) 
26-27 
neuropeptide Y (NPY) 20 
neutral endopeptidase (NEP) 25 
neutral endopeptidase inhibitors 
25-26 
nitric oxide (NO) 26-27 
pathophysiology 27 
pharmacology 27 
nitrovasodilators 27 
noncoronary (septal) sinus 6-7 
noradrenaline (norepinephrine) 
as biomarker 147-148 
in CVS control 23t 
in hypotension 253 
nuclear ventriculography see 
ventriculography, nuclear 
nucleus tractus solitarius 20 
nutritional myodegeneration (white 
muscle disease) 241 


oculocardiac reflex 256 
ophthalmic surgery 256 
opioids 249 
osmotic diuretics 75 
oval fossa 1-5 
oxygen consumption 
and heart rate 34, 35f 
response to training 38 
oxygen pulse 38 
oxygen therapy 
in cardiac arrest/collapse 257 
reflex vagal responses 256 
ventricular tachycardia 168 
oxygen uptake, maximal see Voomax 


P-wave 7, 60, 61f, 153-154 
duration 64t 
exercise, changes during 138f 
pacemakers 176 
implantation 
for sick sinus syndrome 157 
for third degree AVB 156-157 
lead placement 
epicardial 176 
transvenous 176-177 
“sensing” depolarization 174, 176 
temporary 
indications 177 
transvenous 177 
types 176 
DDD 176, 177f 
DDIR 176 
dual chamber rate adaptive 
176-177 
single chamber (ventricular) 
176-177 
VVIR 176 
updating 176-177 
pacemaker cells 59, 59f 
ectopic foci 68 
pacing, cardiac 173-174 
bipolar 174 
burst pacing 178-179 
electrodes 174-176 
positioning 174-175, 175f 
size 174-175 
non-therapeutic 178-179 
extrastimulus method 178, 178f 
permanent 175-176 
indications 176 
options available 175-176 
therapeutic 176-177 
stimulus 
strength/duration 173-174, 
174f 
timing 174 
temporary 175-177 
therapeutic 177 
therapeutic 176-177 
threshold values 173-174 
unipolar 174 
in unsedated horse 173 
see also atrial pacing; ventricular 
pacing 
pain and heart rate variability 131 
parasympathetic nervous system 
of heart 21, 60 
in heart rate variability 128-129, 
129f 
vasodilator nerves 21t 
parasympathetic (vagal) tone 20 
and atrial fibrillation 67-68 
and bradyarrhythmias 65 
and sinus arrhythmia 65 


parturition, collapse in 224 
patent ductus arteriosus 194 
pathogens 
catheter-related infections 266 
infective endocarditis 212 
myocarditis 48 
pericarditis 215 
toxic shock 261-262 
pathological examination 47-48, 
48f 
pentalogy of Fallot 196 
pericardial fluid 7 
pericardial friction rubs 97-98, 
214-215 
pericardiocentesis 216 
and lavage 216-217 
pericarditis 214-217 
aetiology 215 
cardiac catheterization 216 
classification 214 
diagnostic laboratory tests 215 
echocardiography 216 
electrocardiography 216-217 
heart sounds/murmurs 214-215 
pathology, clinical 215-216 
pathophysiology 214-215 
prognosis 217 
radiography 216 
signs, clinical 214 
treatment 216-217, 242-243 
pericardium 
parietal 7 
pathological examination 47 
visceral (epicardium) 7 
perivascular nerves 20-21 
phenobarbital 80 
phenylephrine 163t, 252-253, 252t 
phenytoin 78, 81-82 
adverse effects 169t 
drug interactions 80 
indications/doses 79t 
mechanism of action 81-82 
pharmacokinetics 82 
for SVPD 158-159 
ventricular tachycardia 168-169 
phosphodiesterase inhibitors 77 
plasma volume 38 
posture in heart rate variability 
128-129 
potassium-sparing diuretics 75 
potassium supplementation 265 
P-R segment/interval 7, 60, 61f, 
153-154 
duration 64t 
exercise, changes during 137 
preload 9-10 
pressure/flow data 11-13 
pressure gradient assessment 
116 
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procainamide 78, 81 
adverse effects/interactions 81, 
169t 
indications/doses 79t, 252t 
mechanism of action 81 
ventricular pre-excitation 165-166, 
166f 
ventricular tachycardia 168-169 
propafenone 78, 82 
adverse effects/interactions 82, 
169t 
indications/doses 79t 
mechanism/pharmacokinetics 82 
for quinidine toxicity 163t 
ventricular tachycardia 168-169 
propranolol 24t, 78, 82-83 
adverse effects 83, 169t 
indications/doses 79t, 83, 252t 
mechanism of action 82-83 
for quinidine toxicity 163t 
ventricular tachycardia 168-169 
prostaglandins 54-55 
pulmonary artery 
anatomy 5 
assessment of dimensions 102f, 
113 
disease-induced changes 116 
catheterization 11 
internal cardioversion 182-183, 
182f-183f 
in heart failure 237-238 
in infective endocarditis 213 
measurement 102f 
peak systolic pressure 9 
pulmonary artery rupture 223f-224f 
in heart failure 234 
pulmonary capillary wedge pressure 11 
pulmonary hypertension 236-237 
pulmonary oedema 236-237 
pulmonary valve 3f-4f, 5 
pulmonic atresia 195-196 
pulmonic regurgitation 209 
cardiac murmurs 97 
clinical significance 204t 
Doppler assessment 115 
in heart failure 239 
physiological 209 
pulmonic stenosis 195-196, 195f 
critical 195-196, 195f 
pulse contour analysis 250-251 
pulse pressures 
in anaesthesia 250, 250f 
aortic regurgitation 205f 
pulsed wave Doppler 14-15, 104-105 
mitral valve regurgitation 105f 
purinoceptor 20, 22t 
Purkinje fibres 7-8 
depolarization 60 
Purkinje network 61f, 64 
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QRS complex 7-8, 60, 61f, 153-154 
duration 62-64, 64t 
exercise, changes during 137 
Q-T interval 
duration 64t 
exercise, changes during 137 
quinapril 243 
quinidine 78 
atrial fibrillation 161 
in atrial fibrillation 234-235 
drug interactions 80-81 
indications/doses 79t, 80 
mechanism of action 78-80 
monitoring 161, 164 
pharmacokinetics 80 
toxicity/adverse reactions 80, 
161-162, 162t, 164-165, 
169t 
cardiovascular 161, 162t 
gastrointestinal side effects 165 
laminitis 162t 
nasal mucosal swelling 162t, 
164 
paraphimosis 162t, 165 
treatment 161-162, 163t 
urticaria/wheals 162t, 164 
ventricular tachycardia 168-169 


racing, peak heart rates in 36 
radiography 

in foals 189, 190f 

in heart failure 235f 

in pacing 183-184 

in pericarditis 216 
radionuclide ventriculography see 

ventriculography, nuclear 


radiotelemetric ECG see telemetric ECG 


re-entry 65-67 
atrial fibrillation 67, 159 
multiple re-entry model 67 
schematic diagram 67f 
Schmitt/Erhlanger diagram 66f 
temporary pacing 177 
rectilinear biphasic (RLB) wave 180, 
181f 
refractoriness 58 
refractory period 59-60 
relative refractory period 59-60 
remikiren 24t 
remodelling 
cardiac 242-243 
electrical 160-161 
myocardial 49-50 
renin inhibitors 24, 24t 
renin—angiotensin-aldosterone system 
22-23, 23f 
biomarkers 148 
drugs influencing 23-24, 24t 
in heart failure 233 
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in heart failure compensation 54 
in heart rate variability 128-129 
repolarization 60-61 


resting phase (diastolic depolarization) 


60 
theobase 173-174, 174f 
rifampin 266-267 
right atrium (RA) 
anatomy 2f-3f 
assessment of dimensions 113 
right auricle 1-5 
right ventricle (RV) 
anatomy 2f-3f, 5, 5f-6f 
function assessment 15 
outflow tract 106f 
pathological examination 47, 49f 
right ventricular filling pressure 11 
romifidine 108, 248 
R-R (N-N) interval 
exercise, changes during 138f 
in heart rate variability 126-129, 
127f 


salinomycin 241 
salmon calcitonin 265 
second degree AVB 60, 125, 155 
advanced 155, 156f 
in anaesthesia 254, 254f 
aortic insufficiency 206f 
and collapse 225-226, 226f 
ECG 155 
advanced 155 
after exercise 141f 
in heart rate variability 127 
sedation 
before anaesthetic induction 
248-249 
effects on echocardiography 108 
in HYPP 255 
selenium deficiency 241 
semilunar valves 
left see aortic valve 
right see pulmonary valve 
septal (noncoronary) sinus 6-7 
septic pericarditis 217 
sevoflurane 249, 254-255 
show jumping, heart rates 
during 34-35 
shunts, intracardiac 
Doppler assessment 114-116 
in foals with VSD 190-191 
nuclear angiography 189-190 
2D echocardiography 115-116 
sick sinus syndrome 157 
sildenafil 77 
sinoatrial arrest 155, 157 
sinoatrial block 155, 157 
sinoatrial (SA) node 7 
automaticity failure 64-65 


sinus arrhythmia 155, 157 
sinus bradycardia 155, 157, 158f 
sinus venarum cavarum 1-5 
sinus node depolarization 60-61 
sinus node disease 157 
sinus node recovery time 178 
sinus of Valsalva 6-7 
measurement 102f 
situs inversus 187-188 
sleep disorders 229-230 
sodium bicarbonate 264 
hyperkalaemia 264 
for quinidine toxicity 161-162, 
163t 
sodium chloride symport inhibitors 75 
sodium potassium chloride symport 
inhibitors 75 
somifidine 248 
spectral Doppler 109f, 189-190 
spironolactone 24t, 75 
S-T segment 153-154 
standard deviation of normal intervals 
(SDNN) 128, 130, 130t 
Starling curves see ventricular function 
curves 
Starling’s law of heart 19 
statistical analyses of heart rate 
variability 128 
stethoscope, choice of 89 
Streptococcus equi var equi 48 
stress and heart rate variability 131 
stress testing 135-145 
cardiac output evaluation 144 
ECG evaluations 136-137 
echocardiography 141-144 
after exercise 142-143 
exercise stress 141-143 
pharmacological stress 143-144 
exercising ECG 136-137 
pressure measurements 144 
treadmill development 136 
stretch receptors (baroreceptors) 20 
stroke volume 10 
response to exercise 37-38 
response to training 38 
supraventricular dysrhythmias in 
collapse 226 
supraventricular premature 
depolarizations (SVPD) 
125 
ambulatory ECG 137-139, 139t 
blocked 159f 
and collapse 226, 227f 
continuous ECG 124f 
after exercise 141 
exercise-induced 137 
frequent 158-159 
in myocarditis 159f 
and tachycardia 157-159, 158f 


supraventricular tachycardia 
and collapse 226, 227f 
rapid 161-162 
ventricular pre-excitation 165-166, 
166f 
surface electrocardiogram see 
electrocardiography 
SVPD see supraventricular premature 
depolarizations 
swimming 
heart rates during 34-35 
stroke volume during 37 
sympathetic nervous system 
biomarkers 147-148 
glycosides, regulation by 76 
in heart 21-22 
of heart 60 
in heart failure compensation 54 
in heart rate variability 128-129, 
129f 
vasoconstrictor nerves 20-21, 21t 
vasodilator nerves 21t 
sympathetic tone 20 
syncope 
collapse 222-223, 230 
definition 221 
haemodynamics 223 
in sedation 248 
vasovagal 228-230 
systemic inflammatory response (SIRS) 
261 
systole 8 
atrial 8-9 
systolic function assessment 14, 
14t, 114 
ventricular 8 
systolic clicks 98 
systolic function 9 
systolic performance 9 
see also ventricular function, systolic 
systolic time interval calculation 119 


T-wave 60-61, 61f, 153-154 
abnormalities 39 
exercise, changes during 137, 138f 
tachyarrhythmias 65-66 
tachycardias, automatic 68-69 
telemetric ECG 136 
ambulatory electrocardiography 124 
intensive care 262 
ventricular tachycardia 126 
tetralogy of Fallot 196, 196f 
development 188 
theophylline 77 
thermodilution method 12 
third degree AVB see complete AVB 
3-day eventing, heart rates during 
34-35, 35f 
threshold potential 59 


thrombophlebitis 266-268, 267f 
catheter care 267-268 
definition 266 
diagnosis/presentation 266 
and intravenous catheters 266-267 
reconstructive surgery 267 
treatment 266-267 
thrombosis, arterial 268 
tiletamine-zolazepam 248 
timolol 78 
tissue blood flow 19 
tissue velocity imaging (TVI) 15, 
102-104, 110 
colour vs spectral 105, 110 
tomifidine 248 
tonic vasodilators 26 
torsades de pointes 69, 162, 167 
toxic shock 261-262 
training 
cardiac responses 38-39 
heart rate 34, 37 
heart rate variability 131 
valvular regurgitation 39-40 
physiological 201-202 
transmembrane potential 58-59 
transoesophageal echocardiography 
102-104 
transvenous electrical cardioversion 
(TVEC) 182-183 
triangular index 130, 130t 
tricuspid atresia 196 
tricuspid insufficiency 208 
tricuspid regurgitation 116, 208-209 
cardiac murmurs 92, 94f, 95 
clinical findings 208 
clinical significance 204t 
coexisting with mitral regurgitation 
95 
diagnosis 87 
Doppler assessment 115 
echocardiography 208 
electrocardiography 208-209 
in heart failure 239 
in horses 89 
in infective endocarditis 213 
pathogenesis 208 
prevalence 208 
prognosis 209 
severe 202 
tricuspid valve 
anatomy 3f-4f, 5 
chordae tendineae rupture 223f 
tricuspid valve prolapse 208 
tricuspid valve stenosis 95 
trimethoprin-sulphonamide 266-267 
triple-drip anaesthetic 249 
troponins 
as biomarkers 147, 149, 154-155 
in paroxysmal atrial fibrillation 160 
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truncoconal septation 188 
turbulent flow 88 
turbulent jets 88 
2D echocardiography 101-102 
aortic regurgitation/insufficiency 
203 
cardiac dimensions/function 109 
aorta 102f-103f, 110t-111t 
aortic sinus/sinotubular junction 
110t-111t 
atria 103f-104f, 110t-111t 
mitral valve 111t 
myocardium 110t 
pulmonary artery 102f 
ventricles 102f, 104f, 110t 
contrast 115-116 
mitral valve 103f 
pulmonary artery 110t-111t 
septum assessment in foals 191 


unidirectional AV block 65 
uroperitoneum 264 


V0 33-34, 34f 
GPS measurement 36 
vagal stimulation in collapse 
227-230 
vagal tone see parasympathetic tone 
valves see atrioventricular valves; 
specific valves 
valvular dysplasia 194-195 
valvular endocarditis 211 
valvular heart disease and heart rate 
131 
valvular insufficiency 50 
definition 201 
left-sided 237-239 
right-sided 239 
valvular lesions 201 
valvular motion 
disease-induced changes 118-119 
M-mode echocardiography 119 
systolic time interval calculation 
119 
valvular pathology 50 
drug-induced 50 
valvular prolapse 118-119, 202 
valvular regurgitation 
cardiac murmurs 201-202 
clinical assessment 202 
clinical significance 204t 
murmurs 89 
physiological 116, 201-202 
factors influencing 201-202 
prevalence in racehorses 
201-202 
severity assessment 115 
and training 39-40 
ventricular function curves 54f 
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valvular thickening 118, 118f 
vascular resistance in afterload 10 
vasoconstrictor nerves, sympathetic 
20-21, 21t 
presynaptic receptors 22t 
vasoconstrictors 
endogenous 27t 
endothelium-derived 26t 
vasodilator nerves 
parasympathetic 21t 
“sensory-motor” 21t 
sympathetic 21t 
vasodilators 
endogenous 27t 
endothelium-derived 26t 
heart failure 243 
pharmacological 73 
tonic 26 
vasomotor nerves 20 
categories/properties 20 
co-transmission 20-21 
drugs influencing 21 
vasopressin see antidiuretic hormone 
vasovagal syncope 228-230 
vasovagal tonus index (VTI) 128, 
130-131 
Vaughan Williams classification 78 
vena cava 1-5 
venodilators 73 
ventilation in anaesthesia 251, 
252t 
ventilation-perfusion mismatch 254 
ventricles 1-5 
assessment of dimensions 102f, 
104f, 109, 110t-111t 
echocardiographic measurement 
103f-104f 
mass 48 
wall motion changes 117-118 
see also left ventricle; right ventricle 
ventricular activation 7-8, 7f 
ventricular asynchrony 9-10 
ventricular dysrhythmias 
collapse 226-227 
quinidine toxicity 162 
ventricular ectopy 139 
ventricular effective refractory period 
178 
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ventricular end-diastolic volume see 
preload 

ventricular fibrillation 126 
cardioversion 182 
induced 179 

ventricular filling 10 
cardiac murmurs 90, 91f, 95, 96f 
and cardiac performance 10 
diastole 8-9 

ventricular filling pressure 
in heart failure 233-234 
see also left ventricular filling 


pressure; right ventricular 


filling pressure 
ventricular function 9-11 
assessment 11-15 
diastolic 10-11 
systolic 9-10 
Doppler echocardiography 14, 
14t 
left 14 
right 15 
vs myocardial function 10 
ventricular function curves 53, 54f 
ventricular outflow impedance see 
afterload 
ventricular pacing 178f 
ventricular peak systolic pressures 9 
ventricular pre-excitation 165-166, 
166f 
ventricular premature depolarizations 
(VPD) 125, 254 
ambulatory ECG 137-139, 139t 
in anaesthesia 254 
assessment 166 
causes 166 
and collapse 226-227, 228f 
ECG 167f 
after exercise 141, 142f 
exercise-induced 139-141 
frequent 126 
management 166 
monomorphic 228f 
polymorphic 168f 
and tachycardia 157-158 
ventricular pressure 
diastole 8-9 
systole 8 


ventricular septal defects (VSD) 
and athletic performance 193-194 
cardiac murmurs 92, 94f, 95, 191 
chamber malformation 117 
colour-flow Doppler 106f 
development 188 
in foals 190-194 
location 190-191 
prevalence in breeds 190 
in heart failure 234, 235f 
membranous 
colour-flow Doppler 193f 
echocardiograms 191f-192f 
post-mortem specimens 191f 
post-mortem specimens 192f-193f 
prognosis 194 
septum assessment 191 
shunt direction 190-191 
surgical correction 193-194 
ventricular septation 188 
ventricular tachycardia 126, 166-169 
auscultation 167 
causes 166-167 
and collapse 225f, 227 
definition 166-167 
ECG 167 
monomorphic 167-168 
polymorphic 167-168, 168f 
treatment 168 
ventricular tachydysrhythmias 
129-130 
ventriculography, nuclear 12, 13f 
verapamil 78, 79t, 163t, 169t 
Vurmax 33-34, 34f 
GPS measurement 36 
and training 37 
vitamin E deficiency 241 
vitamin E supplementation 242 
Vozmax 40-41 


wall motion changes 117-118 
exercise-induced 141 
white muscle disease (nutritional 
myodegeneration) 241 


xylazine 248-249 


Y>-receptors 22t 


